Hydraulic losses and heat transfer assoc with super turbulence. by Al-Arabi, Mahmoud Ahmad Ismail.
UNIVERSITY OP LONDON
HYDRAULIC LOSSES AND HEAT TRANSFER 
ASSOCIATED WITH SUPER TURBULENCE.
T h e s i s  S u b m i t t e d  f o r  t h e  D e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  
o f  t h e  U n i v e r s i t y  o f  London 
b y
MAHMOUD AHMAD ISMAIL AL-ARABI.
B . S o . ( E n g . )  P o u ad  I ' U n i v e r s i t y , -  C a i r o !
p / p
B a t t e r s e a  P o l y t e c h n i c  
L o n d o n ,  S .W «11,
November* 1 9 5 1 .
ProQuest Num ber: 10800367
All rights r e serv e d
INFORMATION TO ALL USERS 
The quality  of this r e p r o d u c t io n  is d e p e n d e n t  u p o n  the quality  of the c o p y  su b m it ted .
In the unlikely e v e n t  that the a u th o r  did not sen d  a c o m p l e t e  m an u scr ip t  
and there are missing p a g e s ,  th e se  will be n o t e d .  Also, if m ater ia l  had to be r e m o v e d ,
a n o t e  will in d ic a te  the d e le t io n .
uest
P ro Q u est  10800367
Published by ProQuest LLC(2018). C o p y r ig h t  of the Dissertation is held by the Author.
All rights reserved .
This work is p ro te c te d  a g a in s t  u n a u th o r ize d  c o p y in g  under Title 17, United S tates  C o d e
Microform Edition ©  ProQuest LLC.
ProQuest LLC.
7 89  East Eisenhower Parkway  
P.O. Box 1346  
Ann Arbor, Ml 4 8 1 0 6 -  1346
The w r i t e r  w i s h e s ,  t o  e x p r e s s  h i s  d e e p  g r a t i t u d e  
t o  Mr.  V. Co D a v i e s ,  B . S c . ( E n g . ) ,  M . I .M e o h .E .  f o r  h i s  
c o n s t a n t  g u i d a n c e  a n d  a d v i c e  i n  t h e  s u p e r v i s i o n  o f  
t h i s  r e e a r c h ’w o r k .
He a l s o  a c k n o w l e d g e s  t h e  a s s i s t a n c e  r e c e i v e d  
f ro m  Mr.  W. P e c k ,  M.Exttg., M . I . M e o h . E . ,  a n d  Mr.  A.
J  Richm ond, .  B .S c  . ( E n g . ) , A..M.1  . M e c h . E . ,  a l s o  t h e  
h e l p f u l  c o - o p e r a t i o n  o f  t h e  s t a f f  o f  t h e  W orkshop a n d  
t h e  E l e c t r i c a l  d e p a r t m e n t  a t  t h e  P o l y t e c h n i c .
iC O N T E N T S
P ag e  N o »
Chapt e r  1
I n t r o d u c t i o n  1
Chap t e r  2 
D i m e n s i o n a l  a n a l y s i s  a n d  e q u a t i o n s
5
s u g g e s t e d  .by d i f f e r e n t  o b s e r v e r s .
Chap t e r  5
S o u r c e s  o f  e r r o r  i n  n o r m a l  t u r b u l e n c e
h e a t  t r a n s f e r  5 ~ 8
S u p e r  t u r b u l e n c e  8
C o n d u c t i o n  a l o n g  u n h e a t e d  s e c t i o n s  8
I n l e t  e n d  t h e r m a l  e f f e c t  9
L o c a l  B o i l i n g  10
L a y o u t  o f  a p p a r a t u s  15
C h a p t e i y _ 4
E a r l i e r  i n v e s t i g a t i o n s  17
Chap t e r  J5
A p p a r a t u s  , 2 6
W a te r  s u p p l y  26
I n l e t  w a t e r  b o x  26
O u t l e t  w a t e r  b o x  . 26
CONTENTS (c o a t d .  )
P a g e  N o .
S t a r t i n g  s e c t i o n  27
The h e a t e r  28
M e a su re m e n t  o f  t u b e  t e m p e r a t u r e  29
D e s c r i p t i o n  o f  t h e  h e a t i n g  s y s t e m  31
G uard  h e a t e r  . 32
H y d r a u l i c  l o s s  m e a s u r e m e n t  34
Cha p t e r  6
C a l i b r a t i o n  o f  m e a s u r i n g  d e v i c e s s -  35
V e l o c i t y  m e t e r  35
V o l t m e t e r  a n d  am m ete r  36
T h e rm o c o u p le s  36
T h e rm o c o u p le  p o t e n t i o m e t e r  37
C h a p t e r  7
P r o c e d u r e  a n d  m e th o d  o f  c a l c u l a t i o n  38
C h a p t e r  8
S p e c im e n  o f  C a l c u l a t i o n s  % -  45
Norm al  t u r b u l e n c e  45
S u p e r  t u r b u l e n c e  47
C h a p t e r  9
R e s u l t s  o f  n o r m a l  t u r b u l e n c e •e x p e r i m e n t s  50
V a r i a t i o n  o f  w a l l  t e m p e r a t u r e  w i t h  l e n g t h  50
A v e r a g e  h e a t  t r a n s f e r  51
CONTENTS.oont. ■ ill
Page  N o .
1 •
H e a t  t r a n s f e r  f o r  a t u b e  o f  i n f i n i t e  l e n g t h  51
E q u a t i o n s  r e p r e s e n t i n g  e x p e r i m e n t a l  r e s u l t s  52
F r i c t i o n  52
C h a p t e r  10
I n l e t  e n d  t h e r m a l  e f f e c t  53
C h a p t e r  11 
C o m p a r i so n  o f  n o r m a l  t u r b u l e n c e  r e s u l t s  
■with p r e v i o u s  work  62
C o m p a r i so n  w i t h  d a t a  f o r  h e a t i n g  w a t e r  62
C o m p a r i so n  w i t h  d a t a  o b t a i n e d  b y  t h e  l o c a l  
h e a t  t r a n s f e r  m e th o d  62
The d a t a  o f  N u s s e l t  ' 63
Chap t e r  12
R e s u l t s  o f  s u p e r - t u r b u . l e n c e  e x p e r i m e n t s  64
W a l l  t e m p e r a t u r e  a n d  l o c a l  h e a t  t r a n s f e r  64
R e l a t i o n  b e t w e e n  l o c a l  h e a t  t r a n s f e r  a n d  
R e y n o ld s  n o ,  65
A v e r a g e  h e a t  t r a n s f e r  6 6
R e l a t i o n  b e t w e e n  t h e  h y d r a u l i c  l o s s  a n d  
t h e  i n c r e a s e  o f  h e a t  t r a n s f e r  due t o  s u p e r  
t u r b u l e n c e  6 8
IV
CONTENTS cont
Page No
C h a p t e r  15
E f f e c t i v e  R e y n o ld s  num ber  70
Cha p t e r  14
Summary 72
A p p e n d i x
A p p l i c a t i o n  o f  r e s u l t s  t o  t h e  c a s e  o f  a 
c o n d e n s e r  - 7 5
V■ L I S T ' OP TABLES
No .
1  D a ta  o f  C le m e n t  a n d  G a r l a n d  f q r  h e . a t i n g  w a t e r
2 u i? L a w re n c e  a n d  S h e rw o o d  f o r  h e a t i n g  w a t e r .
3 C a l i b r a t i o n  o f  v e l o c i t y  m e t e r .  ‘
4 C a l i b r a t i o n  o f  v o l t m e t e r .
5 C a l i b r a t i o n  o f  a m m e te r .
6  I s o t h e r m a l  f r i c t i o n  d a t a .
7 H e a t  t r a n s f e r  f r i c t i o n  d a t a .
8  N orm al  t u r b u l e n c e  e x p e r i m e n t s ,  o b s e r v a t i o n s .
9 N o rm a l  t u r b u l e n c e  h e a t  t r a n s f e r  f o r  a 
t u b e  o f  i n f i n i t e  l e n g t h .
10 N orm al  t u r b u l e n c e  a v e r a g e  h e a t  t r a n s f e r
b e t w e e n  h / D  s o ' & L/D  s 36
%
11 N orm al  t r u b u l e n c e  a v e r a g e  h e a t  t r a n s f e r
b e t w e e n  L/D -  o & L/D  s 36 t a k i n g  t h e  t u b e  
t e m p e r a t u r e  f ro m  t h e  f i r s t  a n d  l a s t  t h e r m o ­
c o u p l e s  o n l y .
12 N o rm a l  t u r b u l e n c e  a v e r a g e  h e a t  t r a n s f e r  f o r  L /D s 4
• ^ 2  !i 5! 5} Ji n ~ 8  
^ 4  si si si h ■ si a . n - 1 6
4 5  H Si Si i? Si Si Si ~ 2 7
16 • D a ta  o f  Cope f o r  h e a t i n g  w a t e r ,
17 D a ta  o f  C h o l l e t t e  f o r  h e a t i n g  a i r .
No .
18
19 a
2 0  a
2 1  a
2 2  a
19 b
2 0  b
2 1  b
2 2  b
23 -  26 
27 
28 -  31
L i s t  o f  Tab l e s  ( c o n t d . )
D a ta  o f  B o o l t o r 5 Younr; a n d  I v e r s c -n  f o r  
h e a t i n g  a i r ,
S u p e r  t u r b u l e n c e  e x p e r i m e n t s  o b s e r v a t i o n s .
S u p e r  t u r b u l e n c e  e x p e r i m e n t s  r e s u l t s .
S u p e r  t u r b u l e n c e  l o c a l  h e a t  t r a n s f e r  a t  
d i f f e r e n t  L /D .
C o e f f i c i e n t  o f  i n c r e a s e  o f  h e a t  t r a n s f e r  
due t o  s u p e r  t u r b u l e n c e , .
I n l e t  l o s s  c o e f f i c i e n t .
LIST OF SYMBOLS 
A a aroa ,  s q . f t .
c ** s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  B . T h . U . / l b  . ° F .  .
D s i n s i d e  d i a m e t e r  o f  t u b e  f t .
f  « c o e f f i c i e n t  o f  f r i c t i o n .
g ~ a c c e l e r a t i o n  o f  g r a v i t y ,  f t . / s e c . / s e c .
.h s  c o e f f i c i e n t  o f  h e a t  t r a n s f e r ,  B . T h . T J . / s q . f t  . h r  „ , ° F 0
k  » l o c a l  c o e f f i c i e n t  o f  h e a t  t r a n s f e r ,  55 H
l o o .
h  -  ' a v e r a g e  c o e f f i c i e n t  o f  h e a t  t r a n s f e r ,  a u
a v .
h  i  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  f o r  a t u b e  o f  i n f i n i t e
GO
l e n g t h .
K = c o n d u c t i v i t y ,  B . T h , U . / f  t  . h r . ° F .
L = l e n g t h ,  f t .
Q ~ am ount  o f  h e a t  g i v e n  p e r  u n i t  t i m e  B . T h . U . / h r .
t  ■* t e m p e r a t u r e  ° F .
tj_ -  i n l e t  t e m p e r a t u r e  ' ° F .
t 0  ~ o u t l e t  t e m p e r a t u r e  I P ,
tm a mean t e m p e r a t u r e  ° P .
t g & i n s i d e  s u r f a c e  ( o r  -wall)  t e m p e r a t u r e  ° P .
t sm  s  mean s u r f a c e  ( o r  w a l l )  t e m p e r a t u r e  ° P .
v * v e l o c i t y ,  f t . / s e c .
LIST OP SYMBOLS ( o o n t d . )
G re ek  L e t t e r s  % •
k i n e m a t i c  v i s c o s i t y  f s q . f t . / h r .  
d e n s i t y *  I b . / o u . f t .  
a b s o l u t e  v i s c o s i t y *  l b . / f t . h r .  
v i s c o s i t y  a t ,  f i l m  t e m p e r a t u r e  l b . / f t . h r .  
v i s c o s i t y  a t  s u r f a c e  t e m p e r a t u r e  l b . / f t . h r .  
c o e f f i c i e n t  o f  i n c r e a s e  o f  , h e a t  t r a n s f e r  due
t o  s u p e r  t u r b u l e n c e  * d i m e n s i o n l e s s  .
D i m e n s i o n l e s s Numbers a n d  P a r a m e t e r s ;
R =  R e y n o ld s  n u m b e r .
Nu =  K u s s e l t  n u m b e r .
P r  *= P n a n d t l  n u m b e r .
G h a p t e r  1 .
INTRODUCTION _ ■
A b o u t  two y e a r s  ago t h e  w r i t e r  was e n g a g e d  I n  i n v e s t i ­
g a t i n g  t h e  e f f e c t  o f  t h e  I n l e t  a n d  o u t l e t  c o n d i t i o n s  on t h e  
e n t r a n c e  a n d  e x i t  l o s s e s  o f  c o n d e n s e r  tu b e s - .  The l o s s e s  
c a u s e d  b y  t h e  d i f f e r e n t  i n l e t  c o n d i t i o n s  t e s t e d  r a i s e d  t h e  
q u e s t i o n  a s  t o  w h a t  e x t e n t  t h e  i n l e t  t o  a t u b e  may a f f e c t  t h e  
h e a t  t r a n s f e r .
When t h e  c o n d e n s e r  t u b e  work  was f i n i s h e d ,  t h e  p r o b le m  
o f  h e a t  t r a n s f e r  was t h o u g h t  o f  a g a i n .  O n ly  a l i m i t e d  amount  
o f  u s e f u l  I n f o r m a t i o n  was f o u n d  i n  t h e  l i t e r a t u r e ,  a n d  i t  was 
d e c i d e d  t h a t  more r e s e a r c h  w ork  c o u l d  s t i l l  be  done  a l o n g  
t h e s e  l i n e s  .
The h e a t  t r a n s f e r  e x p e r i m e n t s  w ere  l i m i t e d  t o  t h e  r a n g e  
o f  t u r b u l e n t  f l o w  o n l y ,  a n d  i t  was f o u n d  t h a t  seme d e f i n i t e  
t e r m s  h a d  t o  be f i x e d  a n d  u s e d  i n  c o n n e c t i o n  w i t h  " t u r b u l e n c e u , 
I f  a f l u i d  f l o w s  i n s i d e  a p i p e  w h i c h  i s  l o n g  e n o u g h  t o  a l l o w  
a f u l l y  d e v e l o p e d  c o n d i t i o n  t o  t a k e  p l a c e ,  a c e r t a i n  k i n d  o f  
t u r b u l e n c e  w i l l  e x i s t .  T h r o u g h o u t  t h i s  t h e s i s  s u c h  t u r b u ­
l e n c e  w i l l  be  c a l l e d  " n o r m a l  t u r b u l e n c e " .  I n  a n o r m a l  
t u r b u l e n t  f l o w  t h e  am ount  a n d  n a t u r e  o f  t u r b u l e n c e  do n o t  
v a r y  a l o n g  t h e  p i p e  a n d  t h e  s h a p e  o f  t h e  mean v e l o c i t y  
d i s t r i b u t i o n  i s  t h e  same a t  a l l  c r o s s  s e c t i o n s .
2I f ,  h o w e v e r ,  t h e  f l u i d  p a s s e s  t h r o u g h  a b e n d ,  a v a l v e ,  
o r  a s u d d e n  c h a n g e  o f  s e c t i o n ,  a c e r t a i n  am ount  o f  e n e r g y  
w i l l  be  c o n v e r t e d -  t o  e x t r a  t u r b u l e n c e  w h i c h  g r a d u a l l y  d i e s  . 
o u t  d o w n s t r e a m .  U n t i l  I t  i s  e n t i r e l y  d i s s i p a t e d ,  t h e  f l o w  
i s  no l o n g e r  ’’n o r m a l - t u r b u l e n t ” * F o r  such '  a c o n d i t i o n  t h e  
t e r m  ns u p e r  t u r b u l e n c e ” w i l l  be  u s e d  i n  t h i s  t h e s i s *  I n  a 
s u p e r  t u r b u l e n t  f l o w '  t h e  am ount  o f  t u r b u l e n c e  i s  i n  e x c e s s  
o f  t h a t  w h i c h  w o u ld  h a v e  b e e n  p r e s e n t  h a d  t h e  f l o w  b e e n  
n o r m a l  t u r b u l e n t *  I t  s h o u l d  be  n o t e d ,  h o w e v e r ,  t h a t  t h e  
t e r m  ’’s u p e r - t u r b u l e n c e ” . d o e s  n o t  n e c e s s a r i l y  mean h i g h  
d e g r e e s  o f  t u r b u l e n c e *  N orm al  t u r b u l e n c e ,  f o r  e x a m p l e ,  
oan  be  c o n s i d e r e d  a s p e c i a l  c a s e  t h a t  comes u n d e r  s u p e r -  
t u r b u l e n c e . I n  f a c t  i t  i s  t h e  l i m i t ,  a n d  w i l l  be  t r e a t e d  
t h r o u g h o u t  t h i s  w ork  a s  a c a s e  o f  z e r o  s u p e r  t u r b u l e n c e *
S u p e r  ^ ♦Turbulence a n d  H e a t  T r a n s f e r
N e a r l y  a l l  t h e  e a r l y  o b s e r v e r s  f a i l e d  t o  r e a l i s e  t h e
e f f e c t  o f  s u p e r - t u r b u l e n c e  on  h e a t  t r a n s f e r ,  a n d  i n  m o s t  o f
t h e  e a r l y  e x p e r i m e n t s ,  s u p e r - t u r b u l e n c e  w a s ,  i n  f a c t ,
13p r e s e n t .  I t  was n o t  u n t i l  1 9 2 1 ,  when La-fczko p u b l i s h e d  
h i s  t h e o r e t i c a l  t r e a t m e n t  o f  t h e  p r o b l e m  s h o w i n g  t h e  
i m p o r t a n c e  o f  t h e  s t a r t i n g  c o n d i t i o n ,  t h a t  t h i s  was g i v e n  
some c o n s i d e r a t i o n ,  a n d  a p p a r a t u s  f i t t e d  w i t h  ’’c a l m i n g  
s e c t i o n s ” t o  a v o i d  s u p e r - t u r b u l e n c e  w e re  .used*
The r e a l  e f f e c t  o f  s u p e r - t u r b u l e n c e ,  h o w e v e r ,  
r e m a i n e d  unknown b e c a u s e  t h e  p r o b l e m  was a lw a y s  t a c k l e d
t h r o u g h  t h e  a v e r a g e  h e a t  t r a n s f e r . a l o n g  t h e  w ho le  t u b e ,  a
m e th o d  w h ic h  does  n o t  a n d  o a n n o t  show a n y  l o c a l  e f f e c t
a n d  i s ,  t h e r e f o r e ,  n o t  a d a p t a b l e  f o r  s u p e r - t u r b u l e n c e
i n v e s t i g a t i o n s .  S u p e r - t u r b u l e n c e  i s  a l o c a l  i n c i d e n c e
w h i c h  r a p i d l y  d i s s i p a t e s ,  d o w n s t re a m  f ro m  i t s  c a u s e  a n d ,
t h e r e f o r e , ,  t o  show i t s  r e a l  e f f e c t ,  a m e th o d  f o r  o b t a i n i n g
t h e  l o c a l  h e a t  t r a n s f e r  h a s  t o  be  a d o p t e d .  ho s u c h  w o rk ,
a s  f a r  a s  t h e  w r i t e r  k n o w s ,  was done  b e f o r e  1 9 4 8 ,  The
r e s u l t s  o f  two d i f f e r e n t  s e t s  o f  e x p e r i m e n t s  on a i r ,  one
«A %
b y  C h o l l e t t e  a n d  one b y  B o e l t e r ,  Young a n d  I v e r s e n  , w ere  
t h e n  p u b l i s h e d  a n d  i t  a p p e a r s  t o  t h e  w r i t e r  t h a t ,  a t  t h e  
p r e s e n t ,  t h e y  a r e  t h e  o n l y  a v a i l a b l e  d a t a  o f  t h i s  k i n d *
The d a t a  o f  C h o l l e t t e  do n o t  t h r o w  much l i g h t  on t h e  
e f f e c t  o f  s u p e r - t u r b u l e n c e  a l t h o u g h  t h e y  a r e  v e r y  u s e f u l  
f o r  o t h e r  p u r p o s e s .  The d a t a  o f  B o e l t e r ,  Young a n d  
I v e r s e n ,  h o w e v e r ,  show ed  v e r y  c l e a r l y  t h e  l o c a l  e f f e c t s  o f  
s u p e r - t u r b u l e n c e  a n d  t h e  i m p o r t a n c e  o f  t h e  r e s u l t s  
o b t a i n e d  was e m p h a s i z e d  i n  J a c o b s 1 ^ o b s e r v a t i o n  t h a t  
ut h e  i n f l u e n c e  o f  v a r i o u s  i n l e t  p i e c e s  was i n v e s t i g a t e d  
a n d  p a r t l y  s u r p r i s i n g  r e s u l t s  o f  p r a c t i c a l  i m p o r t a n c e  
w ere  o b t a i n e d 5*.
I m p o r t a n t  a s  t h e y  a r e ,  t h e  d a t a  o f  B o e l t e r ,
Young a n d  I v e r s e n  a r e ,  f a r  f r o m  s u f f i c i e n t ,  a n d  m ore  work  
on  s u p e r - t u r b u l e n c e  h a s  y e t  t o  b e  done  u s i n g  d i f f e r e n t  
f l u i d s  u n d e r  d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s ,  a n d  f t  i s  
t h e  o b j e c t  o f  t h i s  r e s e a r c h  w ork  t o  a d d  t o  t h e  p r e s e n t
k n o w le d g e  o f  t h e  s u b j e c t  b y  i n v e s t i g a t i n g - t h e  e f f e c t  o f  
s u p e r - t u r b u l e n c e  on t h e  h e a t  t r a n s f e r  t o  w a t e r  f l o w i n g  i n  
a t u b e ,
C h a p t e r  2 .
(X
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DIMENSIONAL ANALYSIS AND 
EQUATIONS SUGGESTED BY DIFFERENT 
OBSERVERS
C a l c i i i a t i b n s  o f  h e a t  t r a n s f e r  b y  f o r c e d ,  c o h v e c t i o n
a r e  c o m p l i c a t e d  b y  t h e  l a r g e  num ber  o f  v a r i a b l e s  i n v o l v e d .
\ ‘ 
The p r i n c i p l e  o f  s i m i l a r i t y ,  h o w e v e r ,  h e l p s  t o  s i m p l i f y  t h e
m a t t e r s  b y  g r o u p i n g  t h e s e  v a r i a b l e s  i n t o  r e l a t i v e l y  few
d i m o n s i o n l e s s  n u m b e r s .
A s su m in g  t h e  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  h  ‘ f ro m
a t u b e  to  a f l u i d  f l o w ’i n g  i n  i t  w i t h o u t  c h an g e  o f  p h a s e  t o
d e p e n d  on :
( a )  The mean v e l o c i t y  of '®flow v
(b )  The t u b e  i n s i d e  d i a m e t e r  . D
( c )  The v i s c o s i t y  o f  t h e  f l u i d
(d )  The c o n d u c t i v i t y  o f  t h e  f l u i d  K 
. ( e )  The d e n s i t y  o f  t h e  f l u i d  f*
( f )  The s p e c i f i c  h e a t  o f  t h e ■ .
f l u i d  ( a t  c o n s t a n t  p r e s s u r e )  0  
d i m e n s i o n a l  a n a l y s i s  shows t h a t : -
. 4> I V D f  c ...
X  •  P .  — K  )   • • ( ! )
The t h r e e  d i m e n s i o n l e s s  n u m b e r s ,  r e a d i n g  f ro m  l e f t  t o
r i g h t ,  a r e  known as  t h e  N u s s e l t ,  t h e  R e y n o l d s  a n d  t h e
P r a n d t l  nu m b ers  a n d  t h e  n a t u r e  o f  t h e  f u n c t i o n  h a s  t o  be
d e t e r m i n e d  e x p e r i m e n t a l l y .
Many o b s e r v e r s  h a v e  c o r r e l a t e d  n um erous  e x p e r i m e n t a l  
d a t a  on g a s e s  a n d  l i q u i d s  i n  n o r m a l  t u r b u l e n c e  b y  
e q u a t i o n  ( l ) *  I t  h a s  b e e n  f o u n d  t h a t  t h e y  c o u l d  be 
r e p r e s e n t e d  b y  t h e  f o l l o w i n g  e q u a t i o n  i n  w h i c h  t h e  p r o ­
p e r t i e s  o f  t h e  f l u i d  a r e  e v a l u a t e d ' a t  t h e  b u l k  t e m p e r a t u r e . 35
t h a t  o f  w a t e r .  F o r  l i q u i d s  o f  h i g h  v i s c o s i t y  a n d  R e y n o ld s  
num bers  l e s s  t h a n  1 0 , 0 0 0  i t  g i v e s  h i g h e r  r e s u l t s  t h a n  t h e  
e x p e r i m e n t a l  o n e s ,  .
C o l b u r n  f o u n d  t h a t  t h e  d a t a  o f  c o o l i n g  a n d  h e a t i n g
c o u l d  be  b r o u g h t  t o g e t h e r  w i t h  t h e  v i s c o s i t y  o f  t h e  f l u i d
e v a l u a t e d  a t  t h e  f i l m  t e m p e r a t u r e  t ^ ,  t a k e n  a s  e q u a l  t o
t  + 0*5  ( t  - t )  a n d  s u g g e s t e d  t h e  f o l l o w i n g . e q u a t i o n ; -  s .
'The b u l k  t e m p e r a t u r e  o f  t h e  f l u i d  s t r e a m  a t  a n y  c r o s s  
s e c t i o n  i s  t h a t  t e m p e r a t u r e  w h ic h  t h e  s t r e a m  w o u ld  h a v e  
a t t a i n e d  h a d  t h e  w ho le  c r o s s  s e c t i o n  b e e n  a t  t h e  same 
u n i f o r m " t e m p e r a t u r e o
K  ^ /
w here  n » 0 . 4  f o r  h e a t i n g .
( 2 )
a 0*3  f o r  c o o l i n g *
T h i s  e q u a t i o n  h o l d s  down to  a R e y n o ld s  num ber  o f  
2 1 0 0  f o r  f l u i d s  h a v i n g  v i s c o s i t i e s  n o t  more t h a n  t w i c e
h i)
If
S i e d e r  a n d  T a te~"J c o r r e l a t e d  t h e  d a t a  o f  b o t h  
c o o l i n g  a n d  h e a t i n g  b y  t h e  f o l l o w i n g  e q u a t i o n  w h i c h  i s  
c o n s i d e r e d  more  c o n v e n i e n t  than"  e q u a t i o n  (3 )  - s in ce  t h e  
p r o p e r t i e s  o f  t h e  f l u i d  a r e  e v a l u a t e d  a t  t h e  b u l k  t e m p e r  
a t u r e ; ~
I t  s h o u l d  be n o t e d  t h a t  e q u a t i o n s  ( 3 )  a n d  ( 4 )  a r e  
s u b j e c t e d  to  t h e  same r e s t r i c t i o n s  a s  e q .  ( 2 ) *  F o r  h i g h l y  
v i s c o u s  l i q u i d s  a n d  R e y n o l d s  num bers  l e s s  t h a n  1 0 ,0 0 0  
t h e y  g i v e  h i g h e r  v a l u e s  t h a n  t h e  e x p e r i m e n t a l  o n e s *
K K ' / “ a
C h a p t e r  3
S o u r c e s  o f  E r r o r  i n  N orm al  T u r b u l e n c e  H e a t  T r a n s f e r
N orm al  t u r b u l e n c e ,  w h ic h  r e p r e s e n t s  t h e  c o n d i t i o n  
o f  z e r o  t u r b u l e n c e ,  was c h o s e n  f o r  t h e  f i r s t  s e t  o f  
e x p e r i m e n t s  so  t h a t  t h e  d a t a  o f  o t h e r  o b s e r v e r s  c o u l d  be  
u s e d  a s  a c h e c k  on  t h e  a p p a r a t u s .  H o w ev er ,  when t h e  
p r e v i o u s  work  done was r e f e r r e d  t o ,  many c a s e s  w ere  f o u n d  
s u f f e r i n g  f ro m  one o r  a n o t h e r  o f  t h e  f o l l o w i n g  s o u r c e s  o f  
e r r o r s -
1)  S u p e r  t u r b u l e n c e ,
2) End c o n d u c t i o n ,
3) I n l e t  e n d  t h e r m a l  e f f e c t ,
4) L o c a l  b o i l i n g *
S u p e r  T u r b u l e n c e , ■
F o r  n o r m a l  t u r b u l e n c e  i n v e s t i g a t i o n s ,  no s u p e r  
t u r b u l e n c e  s h o u l d  be p r e s e n t .  The h e a t  t r a n s f e r  s e c t i o n  
h a s  t o  be f r e e  f ro m  t h e  o f f e e t  o f  t u r b u l e n c e  p r o m o t e r s  
s u c h  a s  b e n d s ,  v a l v e s ,  o r  s u d d e n  c h a n g e s  o f  s e c t i o n .  I f  
t h i s  i s  n o t  d o n e ,  t h e  r e s u l t s  o b t a i n e d  w i l l  be  m i s l e a d i n g  
a n d ,  no d o u b t ,  h i g h e r  t h a n  t h o s e  f o r  n o r m a l  t u r b u l e n c e .
(2 )  C o n d u c t i o n  a l o n g  u n h e a t e d  s e c t i o n s .
I t  f o l l o w s  f r o m  (1 )  t h a t  a c a l m i n g  s e c t i o n  h a s  t o  be  
u s e d .  The i d e a  o f  t h i s  i s  i l l u s t r a t e d  i n  f i g , l *
9x 1
C alm ing  s e c t i o n  j h e a t e d s e c t i o n
F l u i d F l u i d
i n l e t o u t l e t
Kti -
—  L -----
P i g .  (1 )
The t o t a l  l e n g t h  o f  t h e  p i p e  i s  L a n d  t h e  h e a t  
t r a n s f e r  s e c t i o n  i s  !♦  The . l e n g t h  x  i s  known as  t h e  
’’c a l m i n g  s e c t i o n 1’ , a n d  m u s t  be  l o n g  e n o u g h  t o  a l l o w  a n y  
s u p e r t u r b u l e n c e  t h a t  may be  p r e s e n t  t o  d i e  o u t  b e f o r e  t h e  
h e a t  t r a n s f e r  s e c t i o n *
T h i s ,  h o w e v e r ,  i n t r o d u c e s  a n o t h e r  e r r o r .  A p a r t  o f  
t h e  h e a t  w i l l  f l o w  t h r o u g h  t h e  m e t a l  o f  t h e  p i p e  t o  t h e  . 
u n h e a t e d  c a l m i n g  s e c t i o n .  T h i s  means t h a t  t h e  e f f e c t i v e
•*v
h e a t  t r a n s f e r  l e n g t h  i s  n o t  1  b u t  a l i t t l e  l o n g e r .  
A c c o r d i n g l y ,  t h e  r e s u l t s  o b t a i n e d  w i l l  be  h i g h e r  t h a n  t h o s e  
f o r  n o r m a l  t u r b u l e n c e  u n l e s s  a c o r r e c t i o n  f o r  t h e  h e a t  
c o n d u c t i o n  i s  a p p l i e d .
The e r r o r  becom es  more  s e r i o u s  i f  t h e r e  i s  a n o t h e r  
u n h e a t e d  l e n g t h  on t h e  o u t l e t  s i d e  o r  i f  t h e  h e a t e d  s e c t i o n  
i s  c o n n e c t e d  t o  some m e t a l l i c  m i x i n g  b o x  f o r  m e a s u r i n g  t h e  
o u t l e t  t e m p e r a t u r e  o f  t h e  f l u i d .  ;
(3 )  I n l e t  End T h e rm a l  E f f e c t .
To e l i m i n a t e  e n d  c o n d u c t i o n  t h e  h e a t  t r a n s f e r  s e c t i o n  
h a s  t o  be t h e r m a l l y  s e p a r a t e d  a t  b o t h  e n d s .  T h i s  c a n  bo 
done b y  c o n n e c t i o n  p i e c e s  made o f  a b a d  h e a t  c o n d u c t i n g
10
m a t e r i a l  as  shown i n  f i g .  2 , t h e  p i e c e s  b e i n g  b o r e d  t o  t h e  
same i n s i d e  d i a m e t e r  as  t h e  p i p e ,
I t  s h o u l d  be  r e m e m b e re d ,  h o w e v e r ,  t h a t  o w ing  t o  t h e  
phenomena known as  ” i n l e t  end  t h e r m a l  e f f e c t ” t h e  a v e r a g e ,  
h e a t  t r a n s f e r  f o r  t h e  w hole  t u b e  v a r i e s  w i t h  L /D .  T h i s  w i l l  
be d e a l t  w i t h  f u l l y  l a t e r . .
b o c a l  B o l l i n g .
L o c a l  b o i l i n g  o c c u r s  when a l i q u i d  i s  b e i n g  h e a t e d  i n  
a p i p e  t h e  i n s i d e  w a l l  t e m p e r a t u r e  o f  w h i c h  i s  h i g h e r  t h a n  
t h e  b o i l i n g  p o i n t  b u t  i s  n o t  r e c e i v i n g  s u f f i c i e n t  h e a t  t o  
c a u s e  b o i l i n g .
As f a r  a s  1930 E a g l e  a n d  F e r g u s o n  c o n d u c t e d  t h e  
f o l l o w i n g  e x p e r i m e n t s  t o  f i n d  o u t  t h e  e f f e c t  o f  t h e  r a t e  o f  
h e a t  f l o w  on t h e  h e a t  t r a n s f e r  f ro m  t u b e  t o  w a t e r .  F i v e  
h e a t  f l o w  r a t e s  I n  m u l t i p l e s  o f  5000 B . T h . U « / s q . f t . / h r .
h e a t  t r a n s f e r
s e c t i o n
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were  u s e d  t h e  i n l e t  t e m p e r a t u r e  o f  w a t e r  b e i n g  1 4 0 ° F  I n
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e a c h  c a s e .  The. c o e f f i c i e n t  o f  h e a t  t r a n s f e r  o b t a i n e d  f o r  
a n y  o f  t h e  f i r s t  f o u r  r u n s  was 5 /  g r e a t e r  t h a n  t h a t  o f  t h e  
p r o c e d i n g  r u n .  I n  t h e  f i f t h  r u n ,  h o w e v e r ,  i t  was 2 5 /  
g r e a t e r  t h a n  i n  t h e  f o u r t h .  The t e m p e r a t u r e  o f  t h e  i n s i d e  
w a l l  o f  t h e  t u b e  was t h e n  2 2 0 ° F  a n d  t h e  e x i t  w a t e r  t e m p e r a ­
t u r e  was 1 8 0 ° F .  E a g l e  a n d  F e r g u s o n  t h o u g h t  t h a t  Ha t u b e  
t e m p e r a t u r e  o f  2 2 0 °F  m u s t  c a u s e  t h e  r a p i d  f o r m a t i o n  o f  
s t e a m  a t  t h e  t u b e  w a l l  a n d  t h u s  b r e a k  up t h e  v i s c o u s  f i l m ” 
r e s u l t i n g  I n  a s u d d e n  jump o f  t h e  d e d u c e d  h e a t  t r a n s f e r  
c o e f f i c i e n t .
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I n  1948 Me ,A.dams, K e n n e l ,  Addarns, M inden  a n d  Gramme 1 
c o n d u c t e d  some v e r y  I n t e r e s t i n g  e x p e r i m e n t s  t o  show t h e  
i m p o r t a n t  e f f e c t  o f  l o c a l  b o i l i n g  on t h e  h e a t  t r a n s f e r  f ro m  
m e t a l  t o  w a t e r  f l o w i n g  i n  an  e l e c t r i c a l l y  h e a t e d  s t a i n l e s s  
s t e e l  a n n u l u s . The I n l e t  w a t e r  t e m p e r a t u r e  was k e p t  a t
100°F .  a n d  t h e  r a t e  o f  f l o w  o f  w a t e r  was so  h i g h  t h a t  t h e
t e m p e r a t u r e  r i s e  was s m a l l  a n d  t h e r e  was. no n e t  g e n e r a t i o n  
o f  s t e a m .  Most  o f  t h e  r u n s  w ere  made a t  a p r e s s u r e  o f
30 l b . / s q . I n .  a b s .  b u t  some w ere  made a t  60 ,  90 a n d  120
. l b  . / s q . i n .  a b s .
F i g .  3 shows t h e  r e s u l t s  o b t a i n e d  a t  30 I b . / s q . i n .  
a b s o l u t e .  The h e a t  f l o w  r a t e  ^ / a  ( i n  B . T h . U . / s q . f t . / h r .)  
i s  p l o t t e d  a g a i n s t  t h e  t e m p e r a t u r e  d i f f e r e n c e  ( i n  °F  )
b e t w e e n  t h e  o u t e r  w a l l  o f  t h e  h e a t e r  a n d  t h e  b u l k  t e m p e r a -
t h r e  o f  t h e  w a t e r .  I t  c a n  be s e e n  t h a t  when t h e  t e m p e r a ­
t u r e  d i f f e r e n c e  s l i g h t l y  e x c e e d s  1 0 0 ° F  ( I . e . when t h e  m e t a l  
t e m p e r a t u r e  s l i g h t l y  e x c e e d s  2 0 0 °F )  t h e  w a t e r  g e t s  i t s  f i r s t  • 
c h an c e  t o ' b o i l .  P r i o r  t o  t h a t  t h e  c u r v e  i s  t y p i c a l  o f  t h a t  . 
o f  w arm ing  w a t e r  a n d  h a s  a w e l l  known s l o p e .  At a v e l o c i t y  
o f  2 f t  . / s e c .  , upon e x c e e d i n g  t  o f  1 0 0 ° F  b y  o n l y  some
f i v e  d e g r e e s ,  t h e  curve- t u r n s  s h a r p l y  u p w a r d s .  At  a .  t e m p e r -
oa t u r e  d i f f e r e n c e  o f  175 F t h e  r a t e  o f  h e a t  f l o w  e x c e e d s
one m i l l i o n  a s  c o m p a re d  w i t h  9 0 , 0 0 0  w h ere  t h e  c u r v e  c h a n g e s
s l o p e  a t  / \ * t  o f  1 0 5 ° F  r e p r e s e n t i n g  a t e n - f o l d  i n c r e a s e  i n
t h a t  r a n g e  due t o  l o c a l  . b o i l i n g .
A t  4 f t . / s e c .  t h e  same t h i n g  h a p p e n s  t h a t  t h e  c u r v e  
o v e r s h o o t s  a b o u t  1 0 ° F  , w h i c h  t h e  a u t h o r s  a t t r i b u t e  t o  s u p e r -  
.h e a t i n g ,  a n d  t h e n  t u r n s  s h a r p l y  u p w ard s  ow ing  to  l o c a l  b o i l ­
i n g .
At  16 f t . / s e c .  t h e  c u r v e  o v e r s h o o t s  a b o u t  4 0 ° F  b e f o r e
i t  t u r n s  u p w a r d s .
The same r e s u l t s ,  a n d  t h o s e  o b t a i n e d  a t  60 ,  90 a n d
1 2 0  I b o / s q . i n .  a b s o l u t e • p r e s s u r e , a r e  shown i n  a n o t h e r
way i n - f i g .  4 . The o r d i n a t e  r e p r e s e n t s  t h e  r a t i o  o f
t h e  m e a s u r e d  h e a t  t r a n s f e r  c o e f f i c i e n t  h  t o  t h a t  c a l c u l a t e d
f ro m  t h e  S i e d e r  a n d  T a te  e q u a t i o n  ( e q .  4)  f o r  n o n - b o i l i n g
c o n d i t i o n s  h  h . The a b s c i s s a  i s  t h e  t e m p e r a t u r e  n • »*/ 9
d i f f e r e n c e  b e t w e e n  t h e  h e a t e d  w a l l  a n d  t h e  s a t u r a t i o n
t e m p e r a t u r e  A  t  • At  2 f t . / s e c .  a n d  a  t  , o f  a b o u t  
s a t  ' 3a >-
70 F t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  o b t a i n e d  was s i x  t i m e s  as
g r e a t  a s  t h a t  w h ic h  w ou ld  h a v e  b e e n  o b t a i n e d  h a d  t h e r e  b e e n
no l o c a l  b o i l i n g .
The s u p e r h e a t i n g  e f f e c t  a t  h i g h e r  v e l o c i t i e s  I s  a l s o
c l e a r  I n  f i g .  4 .  At 16 f t . / s e e #  a n d  30 I b . / s q .  I n .  a b s .
h / h  h r e m a i n s  e q u a l  t o  one u n t i l t  I s  4 0 ° F  w here  t h e  
n •u ■ s a t
c u r v e  t u r n s  s h a r p l y  u p w a r d s .
*
F i n a l l y ,  t o  c h e c k  t h e  r e s u l t s  f o r  n o n - b o i l i n g  c o n d i ­
t i o n s .  t h e  o b s e r v e r s  p l o t t e d  t h e  S i e d e r  a n d  T a t e  p a r a m e t e r  
a g a i n s t  R e y n o ld s  num ber  and. f o u n d  t h a t  t h e i r  r e s u l t s  a g r e e  
w i t h  t h e  S i e d e r  an d  T a t e  e q u a t i o n  ( e q .  4 ) .
T h e se '  I m p o r t a n t  r e s u l t s  s h o w : -
(1)  t h a t  l o c a l  b o i l i n g  i s  a s o u r c e  o f  s e r i o u s  e r r o r s  
i n  h e a t  t r a n s f e r  m e a s u r e m e n t s .
( 2 ) t h a t  a t  low v e l o c i t i e s  l o c a l  b o i l i n g  c a n  t a k e  
p l a c e  b e f o r e  t h e  w a l l  t e m p e r a t u r e  I s  e q u a l  t o  
t h e  s a t u r a t i o n  t e m p e r a t u r e  *
(o )  t h a t  a t  h i g h  v e l o c i t i e s  t h e  w a l l  t e m p e r a t u r e  c an  
e x c e e d  t h e  s a t u r a t i o n  p o i n t  w i t h o u t  l o c a l  b e l l i n g  
t a k i n g  p l a c e  .
T h e r e f o r e  a n y  d a t a  a v a i l a b l e  w h i c h  were  o b t a i n e d  u n d e r  
c o n d i t i o n s  o f  l o c a l  b o i l i n g  h a v e  t o  be  r e j e c t e d . ,  Any d a t a  
o b t a i n e d  a t  w a l l  t e m p e r a t u r e s  s l i g h t l y  l e s s  t h a n  t h e  
s a t u r a t i o n ,  p o i n t  h a v e  t o  be t a k e n  w i t h  r e s e r v e  e s p e c i a l l y
14
s t  low v e l o c i t i e s .
The w r i t e r  w i l l  now m e n t i o n  t h e  o a s e s  he h a s  f o u n d  
s u f f e r i n g  f r o m  l o c a l  b o i l i n g  .
. 26
( 1 )  Some o f  t h e  d a t a  o f  W e b s t e r  on w a t e r *  The i n s i d e
w a l l  t e m p e r a u r e  o f  t h e  p i p e  was a s  h i g h  S3  2 4 8 ° F  i n
some r u n s .
" . 5
( 2 )  Some o f  t h e  d a t a  o f  C lem en t  and. G a r l a n d  on w a t e r .
The i n s i d e  w a l l  t e m p e r a t u r e  was a s  h i g h  as  234° F
i n  some r u n s .
. 14
( 3 )  Some o f  t h e  d a t a  o f  L a w re n c e  a n d  S h e rw o o d  on w a t e r
The i n s i d e  w a l l  t e m p e r a t u r e  o f  t h e  p i p e  was as  h i g h
a s  2 1 7 ° F  i n - s o m e  o f  t h e  9 . 0  f o o t  l o n g  p i p e ,  . .
23
(4 )  Some o f  t h e  d a t a  o f  S h e rw o o d  a n d  P e r t i e  on b e n z i n e  
The i n s i d e  w a l l  t e m p e r a t u r e  o f  t h e  p i p e  was as  h i g h  
a s  1 8 8 ° F i n  soma r u n s *  t h e  b o i l i n g  p o i n t  o f  b e n z i n e  
b e i n g  1 7 6 , 4 ° F .
23
( 5 )  Some o f  t h e  d a t a  o f  S h e rw o o d  & P e r t i e  on a c e t o n e .
The i n s i d e  w a l l  t e m p e r a t u r e  o f  t h e  p i p e  was a s  h i g h  
o
a s  182 F i n  some r u n s ? t h e  b o i l i n g  p o i n t  o f  a c e t o n e  
b e i n g  1 3 3 . 7  ° F  .
The d a t a  o f  (2 )  a n d  ( 3 )  h a v e  b e e n  r e c a l c u l a t e d  a n d
■i ■
t h e  r e s u l t s  o b t a i n e d  a r e  -shown i n  t a b l e s  1  a n d  2  a n d
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p l a t t e d  i n  f i g s .  5 a n d  6  i n  t h e - f o r m  o f  N/P a g a i n s t  R
x
f o r  c o m p a r i s o n  w i t h  e q .  2 .  The f i g u r e s  a r e  s e l f - e x p l a n a ­
t o r y  a n d  show how h i g h  a n d  m i s l e a d i n g  t h e  l o c a l  b o i l i n g  
r u n s  a r e .
5) . Layojhg o f  __ A p p a r a t u s .
h e a t e d  p i p e
i n l e t
( P i g .  7 )
. o u t l e t
I f  t h e  h e a t  t r a n s f e r  s e c t i o n  o f  an  a p p a r a t u s  fo rm s  a . 
s y p h o n ,  as  i n  P i g .  7 t h e  p r e s s u r e  i n s i d e  t h e  p i p e  - w i l l  be 
l e s s  t h a n  t h e  a t m o s p h e r i c  a n d  t h e  s a t u r a t i o n  p o i n t  o f  t h e  
l i q u i d  i n  i t  w i l l  be l e s s  t h a n  t h a t  c o r r e s p o n d i n g  to  t h e  
a t m o s p h e r i c  p r s s u r e .  L o c a l  b o i l i n g ,  t h e r e f o r e ,  w i l l  t a k e  
p l a c e  a t  a t e m p e r a t u r e  l o w e r  t h a n  t h a t  h a d  t h e r e  b e e n  no 
s y p h o n .  I n  t h e  c r s e  o f  w a t e r  8  f e e t  o f  s y p h o n  w i l l  l o w e r  
t h e  s a t u r a t i o n  p o i n t  t o  a b o u t  1 9 9 ° F .
U n f o r t u n a t e l y  m o s t  o f  t h e  p r e v i o u s  i n v e s t i g a t o r s  d i d
35 I n  t h e  r e c a l c u l a t i o n  t h e  l o g a r i t h m i c  mean t e m p e r a t u r e  
d i f f e r e n c e  was u s e d .  The o b s e r v e r s  u s e d  t h e  a r i t h m e t i c  
mean t e m p e r a t u r e . d i f f e r e n c e .
* I S
n o t  g i v e  t h e  r e a l  l a y o u t  o f  t h e i r  a p p a r a t u s  a n d  i t  i s  n o t  
p o s s i b l e  t o  t e l l  w h e t h e r  a n y  o f  t h e  p u b l i s h e d  d a t a  'were  
o b t a i n e d  u n d e r  t h e  e f f e c t  o f  s y p h o n i c  a c t i o n .
CTA7X3 70 JAt5C17
CUCU5.ATja»CTATO1 T99S ?]« ?• B37ga 7AYS3
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C h a p t e r  4 .
EARLIER .. INVESTIGATIONS ’
T h e  o a s e s  of  n o r m a l  and  s u p e r  t u r b u l e n c e  
w i l l  be t r e a t e d . s e p a r a t e l y . .
A . -  Normal T u r b u l e n c e
(a )  D a t e  o b t a i n e d  . u s i n g  a p p a r a t u s  w i t h  no  c a l m i n g  s e c t i o n s  ,
Many o f  t h e  e a r l y  i n v e s t i g a t o r s  d i d  n o t  u s e  a  c a l m i n g  
s e c t i o n ,  a p p a r e n t l y  b e c a u s e  t h e y  d i d  n o t  r e a l i s e  t h e  p o s s i b l  
e f f e c t  o f . . t u b e  i n l e t  on h e a t  t r a n s f e r .  As a r e s u l t  t h e i r  
e x p e r i m e n t s  s u f f e r e d  f r o m  s u p e r - t u r b u l e n c e  i n  d e g r e e s  w h ic h  
v a r i e d  a c c o r d i n g  t o  , the  i n l e t  c o n d i t i o n  u s e d .  The  a v e r a g e  
h e a t  t r a n s f e r  o b t a i n e d  f o r  t h e  w h o le  t u b e  w a s ,  t h e r e f o r e ,7 . '
h i g h e r  t h a n  t h a t  f o r  a t u b e  of  i n f i n i t e  l e n g t h .
As m e n t i o n e d  i n  t h e  u I n t r o d u c t i o n n , i t  was n o t  u n t i l
14
1921,  when L a t z k o  p u b l i s h e d  h i s  t h e o r e t i c a l  a n a l y s i s ,  t h a t  
t h e  n e c e s s i t y  o f  t h e  c a l m i n g  s e c t i o n  was r e a l i s e d .  Only  a 
few of  t h e  c a s e s  i n v e s t i g a t e d  b e f o r e  L a t z k o fs a n a l y s i s  w i l l  
be  m e n t i o n e d 0
25S t a n t o n  i n  1897 c o n d u c t e d  s ome e x p e r i m e n t s  on w a t e r  
■ f l o w i n g  i n  v e r t i c a l  s o l i d  d r a w n  c o p p e r  p i p e s  of  0 . 7 5 6 ,  1 . 0 7 ,  
and 1 , 3 9  crns i n s i d e  d i a m e t e r  and  L/D = 6 2 , 5 ,  4 1 , 6  and  3 3 . 8  
r e s p e c t i v e l y .  H i s  a p p a r a t u s  i s  show n i n  f i g . -  8 .  The  p r e ­
s e n c e  of  s u p e r  t u r b u l e n c e  i s  o b v i o u s .
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5C lem en t  and  G a r l a n d  , i n  1 9 0 9 ,  c o n d u c t e d  e x p e r i m e n t s  
on w a t e r  f l o w i n g  i n  a h o r i z o n t a l  s t e e l  p i p e  of  0 , 9 8 5  i n c h  
i n s i d e  d i a m e t e r  - and L/D = 7 9 , 2 5  w h i c h  was h e a t e d  b y  s t e a m  
a t ' d i f f e r e n t  t e m p e r a t u r e s .  The  a p p a r a t u s  u s e d  i s  shown i n  
f i g ,  9 .  B e s i d e s  s u p e r  t u r b u l e n c e  t h e  t u b e  t e m p e r a t u r e ,  i n  
some o f  t h e  r u n s , was h i g h e r  t h a n  tihe s a t u r a t i o n  p o i n t  of  
w a t e r  and l o c a l  b o i l i n g  w a s ,  t h e r e f o r e ,  p r e s e n t .
11J o r d a n  , i n  1 9 0 9 ,  e x p e r i m e n t e d  w i t h  v e r t i c a l  c o p p e r  
t u b e s  of  0 . 4 9 ,  1 , 2 3  and  1*97 i n c h e s  i n s i d e  d i a m e t e r  and a b o u t  
3 f e e t  l o n g ,  t h r o u g h  w h ic h  warm a i r  was p a s s e d ,  c o o l i n g  w a t e r  
b e i n g  made " to  f l o w  p a s t  t h e  e x t e r n a l  s u r f a c e  o f  t h e  t u b e .  H is  
a p p a r a t u s  i s  shown i n  f i g ,  1 0 ,  T he  p r e s e n c e  of  s u p e r  t u r b u ­
l e n c e  i s  o b v i o u s .
19The  e x p e r i m e n t s  of  N u s s e l t  on a i r  an d  o t h e r  g a s e s  
. s u f f e r e d  f r o m  a c e r t a i n  am ount  o f  s u p e r  t u r b u l e n c e ,  N u s s e l t  ’s 
a p p a r a t u s  i s  shown i n  f i g , 1 1 ,  The  t u b e  u s e d  was 2 , 2 0 1  cm, 
i n s i d e  d i a m e t e r  and t h e  h e a t  t r a n s f e r  s e c t i o n ,  w h ic h  was 27  
d i a m e t e r s  i n  l e n g t h ,  s t a r t e d  f r o m  a p o i n t  15 cm. (L/D ** 6 , 8 )  
d o w n s t r e a m  of  t h e  e n t r a n c e  b e n d .  T he  w r i t e r ’s e x p e r i m e n t s . ,  
w i t h  a 90 d e g .  a n g l e  b e n d  e n t r a n c e ,  h a v e  shown t h a t  t h e  h e a t  
t r a n s f e r  d o e s  n o t  a t t a i n  t h e  n o r m a l  v a l u e  b e f o r e  L/D == 1 4 .  
N u s s e l t  h i m s e l f  a d m i t s  t h i s .  He w r i t e s ,  ,fi n  o r d e r  t o  make 
s u r e  t h a t  t h i s  d i s t a n c e  was s u f f i c i e n t  , to  d i s s i p a t e  t h e  
t u r b u l e n c e  g e n e r a t e d  b y  t h e  b e n d  t h e  e x p e r i m e n t s ,  a t  1
T-»Thcamocoupi.k 
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Figure 1—Heat Exchanger
frVg I 2. /\ p p c i ra - tu s  u s e d  ^  M o r r i s  ^  W ft »f **« n .
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a t m o s p h e r e  p r e s s u r e ,  w ere  r e p e a t e d  w i t h  a 2 m e t e r s  l o n g  
c a l m i n g  s e c t i o n .  The  h e a t  t r a n s f e r  was a l i t t l e  s m a l l e r  h u t  
t h e  c r i t i c a l  v e l o c i t y  r e m a i n e d  t h e  s a m e . ” *
i '
N u s s e l t fs r e s u l t s  a r e ,  t h e r e f o r e ,  a l i t t l e "  h i g h e r  t h a n  
t h o s e  f o r  a t u b e  of  L/D = 27  f i t t e d  w i t h  a c a l m i n g  s e c t i o n .  
They  a r e ,  h o w e v e r ,  some 1C$ h i g h e r  t h a n  t h o s e  f o r  L/D = ° °  
owing t o  n i n l e t  end  t h e r m a l  e f f e c t ” as  w i l l  h e  shown l a t e r .
' (h) .  D a t a  o b t a i n e d  u s i n g  a p p a r a t u s  w i t h  c a l m i n g  s e c t i o n s .
Some o f  t h e  c a s e s  w here  w a t e r  was t h e  f l u i d  w i l l  
h e  b r i e f l y  d e s c r i b e d .
■ 18I n  1 9 2 8 ,  M o r r i s  a n d  W hitman  c a r r i e d  o u t  e x p e r i m e n t s  
on w a t e r  and  o i l s  f l o w i n g  i n  a s t e e l  p i p e  of  0 , 6 2  i n c h  i n s i d e  
d i a m e t e r  and a b o u t  10 f e e t  l o n g  (L/D = 1 9 5 ) .  An u n h e a t e d  
l e n g t h  of  1 f o o t  (L/D = 20), was l e f t  on b o t h  s I d e s  o f  t h e  
h e a t e d  s e c t i o n .  Steam, a t  a t m o s p h e r i c  p r e s s u r e  was u s e d  f o r  
h e a t i n g  a n d ,  i n  t h e  c a s e  of  o i l s ,  c o o l i n g  e x p e r i m e n t s  w ere  
c a r r i e d  o u t  w i t h  w a t e r  a s  t h e  c o o l i n g  medium. T h e y  f o u n d  
t h a t  t h e  h e a t i n g  r e s u l t s  w e re  c o r r e l a t e d  b y  p l o t t i n g  
m / i  c v ^ ) ° . 3 7  a g a i n s t  R e y n o l d s  number  v D f* and 
recommended 0 . 7 5  of  t h e  h e a t i n g  v a l u e s  f o r  c o o l i n g .
No c o r r e c t i o n  was made f o r  t h e  . h e a t  c o n d u c t e d  a l o n g  
t h e  u n h e a t e d  e n d s ,  w h ic h  c a n  b e  s e e n  i n  f i g ,  1 2 ,

20
\
I n  1930  E a g l e  and  F e r g u s o n ^  c a r r i e d  o u t  e x p e r i m e n t s  on .
*
w a t e r  w h ic h  was h e a t e d  i n  f o u r  b r a s s  t u b e s  of  i n s i d e  
d i a m e t e r s  f r o m  0 . 3 9  t o  1 . 4  i n c h .  E a c h  t u b e  was 15 f e e t  l o n g  
b u t  o n l y  a b o u t  6 f e e t  n e a r  t h e  o u t l e t  end  were h e a t e d ,  ( f i g . 1 3 ) .  
The t u b e s  w ere  h e a t e d  e l e c t r i c a l l y  by  p a s s i n g  a low t e n s i o n  
c u r r e n t  i n  t h e  m e t a l  i t s e l f  . The w a l l  t e m p e r a t u r e  was 
m e a s u re d  b y  two t h e r m o c o u p l e s  a t  13^- i n c h e s  f r o m  t h e  
commencement an d  end  of  h e a t i n g .  I n  t h e  c a l c u l a t i o n  o f  t h e  
c o e f f i c i e n t  of  h e a t  t r a n s f e r  f r o m  t h e  b a s i c  e q u a t i o n ; -
h  = 3 2  . 1 -
, dA
3 2  was a s su m ed  c o n s t a n t  a l o n g  t h e  w h o le  l e n g t h  and  t h e  l o c a l  
dA
c o e f f i c i e n t s  a t  t h e  two t h e r m o c o u p l e s  w ere  t h u s  o b t a i n e d .
The c o e f f i c i e n t s  a t  t h e  o u t l e t  t h e r m o c o u p l e  w e re  s l i g h t l y  
l e s s  t h a n  t h o s e  a t  t h e  i n l e t  one and  w ere  c o n s i d e r e d  a s  
e q u a l  t o  t h o s e  f o r  a t u b e  o f  i n f i n i t e  l e n g t h .
A t  R= 2 0 , 0 0 0  t h e  r e s u l t s  a r e  some 10$  h i g h e r  t h a n  e q , 2 .  
I t  s h o u l d  be  n o t e d  t h a t  no a l l o w a n c e  was made f o r  t h e  h e a t  
c o n d u c t i o n  t o  t h e  u n h e a t e d  p a r t s .
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I n  1 9 3 2 ,  Sh e rw o o d  and  P e r t i e  c o n d u c t e d  e x p e r i m e n t s  on 
w a t e r ,  n - b u t y l  a l c o h o l ,  b e n z i n e ,  k e r o s i n e  an d  a c e t o n e  w h i c h  . 
w ere  h e a t e d  (by  s t e a m  a t  a t m o s p h e r i c  p r e s s u r e  i n  t h e  c a s e  of  
w a t e r  and  n - b u t y l  a l c o h o l  and  by  h o t  w a t e r  i n  t h e  o t h e r  c a s e s )  
i n  a c o p p e r  t u b e  of  0 . 4 9 4  i n c h  i n s i d e  d i a m e t e r  and  47 i n c h e s  
(L/D = 95) e f f e c t i v e  h e a t  t r a n s f e r  s e c t i o n .  A c a l m i n g  
s e c t i o n  of  L/D = 111 was u s e d .  H e a t  c o n d u c t i o n  t o  t h e
Vtf rCMULC 
/  I" riMt kUOCK
TEST SECTION
F i g u r e  2 . D e t a il s  o r  T e st  S e c t i o n
F t j j  . I l f  / \ f ? j ^ a . r a i r t / S  u s e d  b n  S h e r v y / o o d  a n d  f ^ e ' t r i e
A-JACKET, 60" LENGTH OF 3 PIPE.
B • TUBE, 72" LENGTH OF l" COPPER PIPE.
C • STUFFING BOX.
D- STEAM INLET. 1.25" COUPLING.
E - THERMOCOUPLE OUTLET, 1.25" CLOSE NIPPLE.
F-MANOMETER OUTLET, 0.25" COUPLING.
G- NONCONDENSABLE GAS OUTLET, 0.5" COUPLING. 
H- CONDENSATE OUTLET, 0.75" COUPLING.
J-AUXILIARY CONDENSATE OUTLET.
(INCLINED POSITIONS) .
F ig u r e  1 . E x p e r im e n t a l  C o n d e n s e r
F'j- 15 u s e d  b j  J v r j e n s e n  o.nol Moniil ton.
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u n h e a t e d  p a r t s  was p r e v e n t e d  by  t h e r m a l l y  s e p a r a t i n g  t h e  t u b e  
f ro m  b o t h  t h e  c a l m i n g  s e c t i o n  and  t h e  o u t l e t  p i p e  b y  means of  
f i b r e  c o n n e c t i o n  p i e c e s  a s  shown i n  f i g * 1 4 .
F i v e  c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  m e a s u re d  t h e  w a l l  
t e m p e r a t u r e ,
The o b s e r v e r s  f o u n d  t h a t  t h e  r e s u l t s  w ere  w e l l  c o r r e l a t e d
by t h e  e q u a t i o n
, rs ' 0  0 . 8  '/J+ 0 . 4
= 0 . 0 2 4  ( Y ' ] ■     (5)
Some of  t h e  b e n z i n e  r u n s  and  ‘s e v e r a l ' o f  t h e  a c e t o n e  
r u n s  s u f f e r e d  f r o m  l o c a l  b o i l i n g .
12I n  1935 ,  J u r g e n s e n  and  M o n t i l l o n  c a r r i e d  o u t  
e x p e r i m e n t s  on w a t e r  w h ic h  was h e a t e d  by  s t e a m  a t  a t m o s p h e r i c  
p r e s s u r e  i n  a c o p p e r  p i p e  of  l . o 6 2  i n c h  i n s i d e  d i a m e t e r  and  
6 f e e t  l e n g t h .  Only 5 f e e t  w e re  h e a t e d  and 6 i n c h e s  w e re  
l e f t  u n h e a t e d  a t  b o t h  e n d s  a s  shown i n  f i g . 15 .  A c a l m i n g  
s e c t i o n  made of  a b a k e 1 1 t e  t u b e . o f  46 i n c h e s  l e n g t h  
(L/D = 43) was u s e d  and  w a l l  and  w a t e r  t e m p e r a t u r e s  w e re  
m e a s u re d  by  c o p p e r  c o n s t a n t a n  t h e r m o c o u p l e s .  The e f f e c t  o f  
t h e  a n g l e  of  t u b e  i n c l i n a t i o n  was i n v e s t i g a t e d  a n d  t h e  
f o l l o w i n g  e q u a t i o n  was f o u n d  t o  r e p r e s e n t  t h e  r e s u l t s  f o r  t h e  
h o r i z o n t a l  p o s i t i o n
i f  =  o . o 9 8 3  (^ - ) 0 - 6 9 ( - h ) 0 - 4 ' . . . . . . . .  ( 6)
The r e s u l t s  o b t a i n e d  w ere  h i g h e r  t h a n  t h o s e  g i v e n  b y  
eq*2 by  am ounts  v a r y i n g  b e t w e e n  60 and  30
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2 2
I t  s h o u l d  b e ’ n o t e d ,  h o w e v e r ,  t h a t  i n  t h e  c a l c u l a t i o n s ,  
tho  o b s e r v e r s  n e g l e c t e d  t h e  e f f e c t  of  t h e  u n h e a t e d  6 i n c h e s  
a t  b o t h  e n d s .  I f  t h e  e f f e c t i v e  l e n g t h  is.  t a k e n  a s  5 . 5  f e e t ,  
w h ich  i s  t h e  a v e r a g e  b e t w e e n  6 and  5 ,  t h e  h e a t  t r a n s f e r  v a l u e s  
w i l l  be 10$ lo w e r  t h a n  t h o s e  g i v e n  by t h e  o b s e r v e r s .
7I n  1937 ,  Cope e x p e r i m e n t e d  w i t h  a c o p p e r  p i p e  and  a 
b r a s s  p i p e  o f  1 . 7 1  and 2 . 5 5  cm i n s i d e  d i a m e t e r  r e s p e c t i v e l y .  
E a ch  one was 12 f e e t  l o n g  w i t h  t h e  c e n t r a l  6 f e e t  o n l y  as  t h e  ' 
w o r k in g  s e c t i o n  ( f i g , 1 6 ) .  W ate r  was c o o l e d  and h e a t e d  b y  
co ld  and h o t  w a t e r  r e s p e c t i v e l y .  The t e m p e r a t u r e  d i f f e r e n c e s  
were s m a l l  (5  to> 10°P)  and t h e  r e s u l t s  f o r  h e a t i n g  a g r e e d  w i t h  
t h o s e  f o r  c o o l i n g  and w e re  some 2 0 $  b e lo w  e q ,  ( 2 ) .
The c o n d u c t i o n  a l o n g  t h e  t u b e  was a l l o w e d  f o r  and was 
fo und  t o  be  a b o u t  5$  of  t h e  t o t a l  h e a t  g i v e n .
C o p e fs e x p e r i m e n t s  w ere  c a r r i e d  o u t  u n d e r  c o n d i t i o n s
v e r y  s i m i l a r  t o  t h e  w r i t e r  rs and h i s  d a t a  a r e ,  t h e r e f o r e ,  v e r y
u s e f u l  f o r  c o m p a r i s o n  w i t h  t h e  r e s u l t s  t h e  w r i t e r  o b t a i n e d ,
(d ) D a ta '  o b t a i n e d  u s i n g  t h e  l o c a l  h e a t  t r a n s f e r  m ethod
I n  1948 t h e  l o c a l  h e a t  t r a n s f e r  m e thod  was u s e d  t o
i n v e s t i g a t e  t h e  p r o b l e m  of  h e a t  t r a n s f e r  t o  a i r  f l o w i n g  i n  a 
t u b e .  Two p a p e r s  w ere  t h e n  p u b l i s h e d ,  one b y  C h o l l e t t e ^  
and one b y  B o e l t e r ,  Young and  I v e r s e n ^  and  t h e  r e s u l t s  o b t a i n e d  
must  be of  t h e  m o s t  a c c u r a t e  a v a i l a b l e  a t  t h e  p r e s e n t  owing 
t o  t h e  f a c t  t h a t  t h e  l o c a l  h e a t  t r a n s f e r  method e l i m i n a t e s  most
PIG. 1. HEAT EXCHANGER
mmm
FIG. 3. END VIEW  OF STRAIGHTENING  
VANES IN 10-IN. CHAMBER PRECEDING  
NOZZLE AND HEAT EXCHANGER
p i j  • 1 7  C h o / e i i e ' s  A p f  a. r a t  us -
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2 3  ;
of th o  e r r o r s  e n c o u n t e r e d  when t h e  a v e r a g e  m ethod  i s  u s e d .
(1) I n  t h e  e x p e r i m e n t s  c a r r i e d  o u t  b y  C h o l l e t t e  the. o v e r a l l  
h e a t  t r a n s f e r  f r o m  c o n d e n s i n g  s t e a m  t o  a i r  was c o n s i d e r e d  
e q u a l  t o  t h e  h e a t  t r a n s f e r  f r o m  m e t a l  t o  a i r ,  t h e  
r e s i s t a n c e  on t h e  s t e a m  s i d e  b e i n g  n e g l i g i b l e  com pared
t o  t h a t  on t h e  a i r  s i d e ,
A m u l t i - t u b e  h e a t  e x c h a n g e r  was made of  151 c o p p e r
tubes ,*  1 2 . 2 5  i n c h e s  l o n g  and  0 , 1 9  i n c h  i n s  id o  d i a m e t e r ,
and was d i v i d e d  t o  6 s e c t i o n s  ( e a c h  of L = 1 0 . 5 )  f r o m
D
w h ich  t h e  c o n d e n s a t e  c o u l d  be  c o l l e c t e d  s e p a r a t e l y ,
The a v e r a g e  h e a t  t r a n s f e r ,  f o r  e v e r y  L/D = 10 * 5 ,  was 
t h u s  o b t a i n e d .  The r a n g e  of  R e y n o l d s  number  was f r o m  
600 t o  1 7000 .
The a p p a r a t u s  u s e d  i s  shown i n  f i g , 17 and  t h e  
r e s u l t s  o b t a i n e d  a r e  shown i n ' f i g , 18 and  w i l l  be  
com pared  w i t h  t h o s e  o f  t h e  w r i t e r  l a t e r ,
(2)  33o e I t e r  and  h i s  c o l l e a g u e s  u s e d  a d o u b l y  s t e a m  .
j a c k e t e d  s t e e l ,  t u b e  o f  1 , 7 8 5  i n c h  i n s i d e  d i a m e t e r  and
32 i n c h e s  l e n g t h .  The s t e a m  s p a c e  was d i v i d e d  t o  19 
s e c t i o n s  f r o m  w h ic h  c o n d e n s a t e  c o u l d  be  c o l l e c t e d  
s e p a r a t e l y .  The am oun t  of  s t e a m  c o l l e c t e d  f r o m  e a c h  
s e c t i o n ,  c o r r e c t e d  f o r  (no  l o a d  l o s s e s )  was u s e d  t o  
o b t a i n  t h e  h e a t  t r a n s f e r .
D i f f e r e n t  i n l e t  c o n d i t i o n s  w ere  u s e d  a n d ,  f o r  
n o r m a l  t u r b u l e n c e ,  a  c a l m i n g  p i p e  of  L/D = 1 1 . 2  was u s e d ,
B o e l t e r ’s a p p a r a t u s  i s  shown i n  f i g , 19 and  t h e
r e s u l t s  o b t a i n e d  f o r .  n o r m a l  t u r b u l e n c e  a r e  shown i n
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f i g , 20* They  w i l l  he  c om pared  w i t h  t h e  w r i t e r  fs
r e s u l t s  l a t e r ,
B S u p e r  T u r b u l e n c e
As m e n t i o n e d  i n  t h e  wI n t r o d u c t i o n ” , i n  o r d e r  t o  
i n v e s t i g a t e  t h e  r e a l  e f f e c t  o f  s u p e r  t u r b u l e n c e ,  t h e  l o c a l  
h e a t  t r a n s f e r  h a s  t o  be  m e a s u r e d ,  s u p e r  t u r b u l e n c e  i t s e l f  
b e i n g  a l o c a l  i n c i d e n c e .
As f a r  as  t h e  w r i t e r  i s  a w a r e ,  t h e  o n l y  l o c a l  h e a t  
t r a n s f e r  d a t a  a v a i l a b l e  f o r  t u r b u l e n t  f l o w  a r e  t h o s e  of  
C h o l l e t t e  and  B o e l t e r  and h i s  c o l l e a g u e s *
The d a t a  of  C h o l l e t t e  a r e  v e r y  u s e f u l  f o r  o b t a i n i n g  
t h e  h e a t  t r a n s f e r  f o r  a t u b e  o f  i n f i n i t e  l e n g t h .  For  
s u p e r  t u r b u l e n c e  t h e y  a r e  o f  l i t t l e  v a l u e  owing, t o  t h e  
f o l l o w i n g  r e a s o n s s -
(1)  Only  one i n l e t  c o n d i t i o n  was u s e d ,
(2 )  The h e a t  t r a n s f e r  was o b t a i n e d  e v e r y  L/D 55 1 0 , 5 ,  
w h ic h  i s  t o o  l o n g  t o  e n a b l e  a n y  l o c a l  e f f e c t  t o  
be  e x a m i n e d •
The d a t a  of  B o e l t e r  and  h i s  c o l l e a g u e s ,  h o w e v e r > a r e  
v e r y  v a l u a b l e  s i n c e  t h e y  were  o b t a i n e d  f o r  d i f f e r e n t  i n l e t  
c o n d i t i o n s  and  f o r  v a l u e s  of  L/D s m a l l  e n o u g h  t o  a l l o w  t h e  
p r o p e r  i n v e s t i g a t i o n  of  t h e  s u p e r - t u r b u l e n c e  e f f e c t .  As a n  
e x a m p l e ,  B o e l t e r ’s r e s u l t s  u s i n g  a 9 0 °  a n g l e  b e n d  a r e  shown 
i n  f i g , 2 1 .  I t  c a n  be  s e e n  t h a t  t h e  l o c a l  h e a t  t r a n s f e r  
f o r  L/D = 1 was more t h a n  t w i c e  t h a t  f o r  a t u b e  o f  i n f i n i t e
l e n g t h .  The o b s e r v e r s  s u g g e s t e d  t h e  f o l l o w i n g ■e q u a t i o n  
f o r  t h e  a v e r a g e  h e a t  t r a n s f e r  f o r  an y  v a l u e  of  I / D  g r e a t e r
t h a n  5 s -
h = h ( 1 + K —  )av  oo L (n
where  K i s  a c o n s t a n t  d e p e n d i n g  on t h e  i n l e t  c o n d i t i o n .  The 
e x p e r i m e n t a l  v a l u e s  f o r  K a r e  g i v e n  i n  t h e  f o l l o w i n g  t a b l e s
I n l e t  C o n d i t i o n K
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C h a p t e r  5 
APPARATUS.
The a p p a r a t u s ,  w h ic h  i s ' s h o w n  i n  f i g .  2 2 ,  was d e s i g n e d  
i n  s u c h  a way as  t o  a l l o w  a v e r a g e ,  as w e l l  as  l o c a l ,  h e a t  
t r a n s f e r  t o  be o b t a i n e d  f o r  e i t h e r  n o r m a l  t u r b u l e n t  o r  s u p e r -  
t u r b u l e n t  f l o w .  .
The g e n e r a l  l a y o u t  o f  t h e  w h o le  p l a n t  i s  shown d i a g r a m -  
a t i c a l l y  i n  f i g .  2 3 .  I t  c o n s i s t s  o f s -
(1 )  t h e  c o n s t a n t  h e a d  t a n k  A ;
(2 )  t h e  i n l e t  w a t e r  b o x  , B y ' ■
(3 )  t h e  s t a r t i n g  s e c t i o n  G ; .
(4 )  t h e  h e a t e r  D $
(5 )  t h e  o u t l e t  w a t e r  b o x  S .
Wat e r  S u p p l y .
The w a t e r  u s e d  was t a k e n  f ro m  t h e  m a i n s ,  a c o n s t a n t  
h e a d . t a n k  b e i n g  u s e d  t o  m a i n t a i n  a c o n s t a n t  p r e s s u r e  a t  t h e  
i n l e t  t o  t h e  a p p a r a t u s ..
I n l e t  Wa t e r  Box.  . . .
T h i s  . i s  shown i n  f i g .  2 4 ,  I t  i s  made o f  a. 4 I n c h  ■ 
b r a s s  p i p e  ( a )  t h e  l e n g t h  .of  w h ic h  i s  one. f o o t .  Two i  i n c h  
b r a s s  f l a n g e s  c o n n e c t  ( a )  t o  t h e  i n l e t  a n d  o u t l e t  p i p e s  (b )  
and ( c ) .  S c r e w e d  r o d s  ( d) h o l d  the- b o x  p a r t s  t o g e t h e r  a n d  
make i t  e a s y  t o  t a k e  i t  t o  p i e c e s  'when r e q u i r e d .  ( e )  i s  a
v e n t  cook  t h r o u g h  w h i c h  t h e  a i r  l i b e r a t e d  f ro m  t h e  w a t e r  
can  e s c a p e .  ( f )  i s  a p e r f o r a t e d  p l a t e  w h i c h  e v e n s  t h e  d i s ­
t r i b u t i o n  o f  v e l o c i t y .  ( g )  i s  a g l a n d  w h ic h  l e a d s  a t h e r m o ­
c o u p l e  i n t o  t h e  b o x  t o  m e a s u r e ' t h e  i n l e t  w a t e r  t e m p e r a t u r e .  
The t h e r m o c o u p l e  i s  p a s s e d  t h r o u g h  a g l a s s  t u b e  w h ic h  i s  
s e a l e d  a t  b o t h  ends  b y  means o f  p e r s p e x  cem en t  t o  p r e v e n t  
t h e  l e a d s  com ing  i n  c o n t a c t  w i t h  t h e  w a t e r .  O n ly  t h e  
j u n c t i o n  p r o j e c t s  i n t o  t h e  w a t e r  ( f i g .  2 5 ) .
The d r o p  i n  p r e s s u r e  c a u s e d  b y  a b r a s s  n o z z l e  (h )  , as  
m e a s u r e d  b y  an  i n v e r t e d  TJ t u b e  c o n n e c t e d  t o  t h e  gauge  p o i n t s  
( i )  a n d  ( j )3 was u s e d  t o  m e a s u r e ■t h e  w a t e r  v e l o c i t y . '
O u t l e t  Wat e r  Box.
T h i s  i s  s i m i l a r  t o  t h e  i n l e t  b o x .  A p e r f o r a t e d  
b r a s s  p l a t e  a t  t h e  o u t l e t  e n d  o f  t h e  h e a t e d  p i p e  m ix e s  t h e  
w a t e r  t h o r o u g h l y  b e f o r e  i t  comes i n  c o n t a c t  w i t h  t h e  o u t l e t  
t h e r m o c o u p l e  .
S t a r t i ng  S e c t i o n .
F o r  n o r m a l  t u r b u l e n c e  t h e  s t a r t i n g  s e c t i o n  was a 
c a l m i n g  p i p e  33-g- i n c h e s  l o n g  a n d  o f  t h e  same b o r e  a s  t h e  
h e a t e d  s e c t i o n .
x  I t  was more a c c u r a t e  t o  c a l c u l a t e  t h e  r i s e  i n
t e m p e r a t u r e  f ro m  t h e  pow er  consum ed  b y  t h e  e l e c t r i c  
h e a t e r  a n d  t h e  r e a d i n g s  o f  t h i s  t h e r m o c o u p l e  w e r e ,  
t h e r e f o r e ,  n e g l e c t e d .
Prv
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F o r  s u p e r  t u r b u l e n c e  t h e  c a l m i n g  p i p e  was r em o v ed  and  
t h e  f o l l o w i n g  s u p e r  t u r b u l e n c e  p r o m o t e r s  were  f i t t e d
( a )  a 90°  a n g l e  b e n d  e n t r a n c e  . . )
) f i g s .
(b )  a s h a r p  edge  e n t r a n c e .  )
' ) 2 2  a n d  2 3 .
( c )  a •§ i n c h  o r i f i c e  e n t r a n c e  , )
“ . ( d )  a jr i n c h  u u
The H e a t e r .
. (sT
T h i s  i s  a h o r i z o n t a l y a p p e r  p i p e ,  0..V5 i n c h  i n s i d e  
d i a m e t e r ,  1  i n c h  o u t s i d e  d i a m e t e r , ' a n d  3 2-| i n c h e s  l o n g  
w i t h  3 0 y  i n c h  e f f e c t i v e  h e a t  t r a n s f e r  l e n g t h  w h ic h  c a r r e s -  . 
ponds  t o  L/D -  4 0 . 4  . As shown i n  f i g .  22 i t  i s  c o n ­
n e c t e d  t o  t h e  s t a r t i n g  s e c t i o n  a n d  t h e  o u t l e t  b o x  b y  t h e  
two c o n n e c t i o n  p i e c e s  E a n d  F w h i c h  a r e  made o f  p e r s p e x .  
B e c a u se  p e r s p e x  i s  a much w o r se  c o n d u c t o r  t o  h e a t  t h a n
c o p p e r  on t h e  one hand* a n d  b e c a u s e  t h e  r i s e  i n  t e m p e r a t u r e
o
o f  t h e  h e a t e r  w a l l  n e v e r  e x c e e d e d  7 F on t h e  o t h e r  h a n d ,  
one c o u l d  s a f e l y  c o n s i d e r  t h a t  no h e a t  was l o s t  b y  c o n d u c ­
t i o n  t o  e i t h e r  t h e  s t a r t i n g  s e c t i o n  o r  t h e  o u t l e t  b o x .  I t  
can  be s e e n  f r o m  f i g .  2 2 . t h a t  E a n d  F a r e  made t o  o f f e r  no 
r e s i s t a n c e  t o  t h e  f l o w . '
I n  o r d e r  t o  c h e c k  t h e  s m o o t h n e s s  o f  t h e  c o p p e r  -  a n d  - 
p e r s p e x  p i p e  i n  t h e  c a s e  o f  n o r m a l  t u r b u l e n c e ,  an  i s o t h e r m a l  
f r i c t i o n  t e s t  was made t h e  r e s u l t s  o f  w h i c h  a r e  g i v e n  i n  
t a b l e  S. The c o e f f i c i e n t s  . o f  f r i p t l o n  o b t a i n e d , ,  as  can  be 
s e e n  f ro m  f i g .  26 i  a r e  i n  good a g r e e m e n t  w i t h  t h o s e ’ c a l c u ­
l a t e d  f ro m  B l a s i u s  f o r m u l a  f o r  t u r b u l e n t  f l o w  i n  s m o o th  p i p e s .
Mea s u r e m e n t -  o f  Tube ‘T e m p e r a t u r e .
- -This was done  "by means  o f  1 2 ,  26 S .W .Q . ,  g l a s s  
c o v e r e d  c o p p e r  c o h s t a n t a n  t h e r m o c o u p l e s *  a t  -J- , 1 -| ,
2-1 » 3 |  , 4*  , 5*  , 7 *  , 8 *  , 1 2 *  , 1 3 * ,  2 3 *  , a n d  2 V* 
i n c h e s  f ro m  t h e  b e g i n n i n g  o f  t h e  h e a t e d  l e n g t h  w h i c h  
c o r r e s p o n d s  t o  L/D a 0 . 1 6 7 ,  1 . 5 ,  2 . 8 3 5 ,  4 . 1 6 ,  5 . 5 ,  6 . 8 4 ,  
9 . 5 ,  1 0 . 8 5 ,  1 6 . 1 8 ,  1 7 . 5 ,  . 3 0 .8  a n d  3 6 . 2 .
The m e th o d  o f  i n s t a l l i n g  t h e  t h e r m o c o u p l e s  i s  s i m i l a r
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to  one recom m ended  b y  Me .Adams a n d  i s  e x p l a i n e d  i n  t h e  . 
f o l l o w i n g
( a )  F i r s t  o f  a l l  t h e  ends  o f  t h e  two w i r e s  t o  fo rm  a 
t h e r m o c o u p l e  w e re  f u s e d  t o g e t h e r  b y  means o f  an  e l e c t r i c ,  
s p a r k  i n  an  a t m o s p h e r e  f r e e  f ro m  o x y g e n .
(b )  W i th  a V. s h a p e d  c u t t e r ,  g r o o v e s  a t  r i g h t  a n g l e s  
t o  t h e  a x i s  o f  t h e  p i p e  were  c u t  t o  r e c e i v e  t h e  j u n c t i o n s  
o f  t h e  t h e r m o c o u p l e s .  The v e r t i c a l  m i l l i n g  m a c h in e  u s e d
was s e t  a n d  l o c k e d  t o  g i v e  a c u t  d e p t h  o f  1 _  i n c h  ; t h u s
16 .
a l l  t h e  g r o o v e s  w ere  o f  t h e  same d e p t h .
( c )  E a c h  t h e r m o c o u p l e  j u n c t i o n  was t h e n  p l a c e d  i n  i t s  
g r o o v e  a n d  s o f t  s o l d e r e d  t o  t h e  p i p e  w a l l  t o  make s u r e  o f  
t r u e  m e t a l l i c  c o n t a c t .  The e l e c t r i c a l l y  i n s u l a t e d  l e a d s  
r a n  i n  t h e  g r o o v e s  f o r  a b o u t  §  o f  a n  i n c h  a n d  t h e n  w ere  
c o v e r e d  w i t h  p o r c e l a i n  i n s u l a t i n g  b e a d s  t o  m i n i m i s e  t h e  
h e a t  c o n d u c t i o n  f rom  t h e  s u r r o u n d i n g  a s b e s t o s .  T h i s ,  i n  
f a c t ,  w a s ■done a s  a n  e x t r a  p r e c a u t i o n  a s  i t  h a s  b e e n  p r o v e d  
t h a t  i n  a n y - t h e r m o c o u p l e  j u n c t i o n  o n l y  t h e  t e m p e r a t u r e  a t
£ ho~t )  Ju  ncitotiS
co<o
c
«
I i
Cu. =  C o p  f o e  f
C o t l  — C o  ft  3  / «
Co ft
5 i  o.nda fcl (cold  ) 
J u n e  t i o n  , i n  
n*&j£i ftj ice .
V ^ - 2  7  2 3 7 r a m  o / *  C o n n e c t i o n s
~T~her **\o cocjp / e s  .
3 0  •
t h e  s u r f a c e  o f  c o n t a c t  a f f e c t  t h e  i n d i c a t i o n  o f  t h e  c o u p l e .
(d )  The g r o o v e s  w ere  f i n a l l y  f i l l e d  w i t h  a p a s t e  ■ 
made o f  a s b e s t o s  pow der  a n d  w a t e r . g l a s s  a n d  t h e  s u r f a c e  o f  
t h e  p i p e  was made f l u s h  a n d  s m o o t h .
The t h e r m o c o u p l e s  c o u l d  be  c o n n e c t e d *  one a t  a t im e
t o  a r e f e r e n c e  ( c o l d )  j u n c t i o n  w h ic h  was k e p t  a t  c o n s t a n t
t e m p e r a t u r e  b y  means o f  m e l t i n g  i c e  ( f i g .  2 7 ) .  '•
Owing t o  t h e  f a c t  t h a t  t h e  h e a t  t r a n s f e r  p i p e  i s  a
h o r i z o n t a l  one t h e  q u e s t i o n  o f  t h e  e f f e c t  o f  t h e  n o n - u n i f o r m
w a l l  t e m p e r a t u r e  a r o u n d  t h e  p e r i m e t e r  o f  a c r o s s  s e c t i o n  may
a r i s e .  A l t h o u g h  t h i s  was f o u n d  t o  be  i m p o r t a n t  i n  some 
16  ^
c a s e s  , i t  i s  b e l i e v e d , i t  h a s  a l m o s t  no e f f e c t  i n  t h e
w r i t e r ’ s c a s e  b e c a u s e  o f  t h e  f o l l o w i n g  r e a s o n s
( 1 )  t h e  f lo w  was t u r b u l e n t .
( 2 ) t h e  r i s e  i n  t e m p e r a t u r e  o f  t h e  w a t e r  was 
s m a l l *  I t  n e v e r  e x c e e d e d  1 . 4  ° F  .
(3 )  t h e  p i p e  m a t e r i a l  i s  a v e r y  good  h e a t  
c o n d u c t o r .
T h e r e f o r e  t h e  t e m p e r a t u r e  c o u l d  be  c o n s i d e r e d  c o n ­
s t a n t  a r o u n d  t h e  p e r i m e t e r  o f . e v e r y  c r o s s  s e c t i o n  a n d  t h e  
t h e r m o c o u p l e s 5 g r o o v e s  c o u l d  be c o n s i d e r e d  i n  i s o t h e r m a l  
p l a n e s  .
g u a r d  h e a t e r
VOLTAGE TA P P IN GS -
M A I N  M £  A T  £
V - V O L T M E T E R .  
A -A M M E T E R .
FIG. 28 DIAGRAM OF CONNECTION 
OF MAIN & GUARD HEATERS.
31
D e s c r i p t i o n  o f  t h e  H e a t i n g  S y s te m
The h e a t  t r a n s f e r  p i p e  was covered. '  w i t h  3 l a y e r s  o f
0 . 0 1 5  i n c h  t h i c k  a s b e s t o s  l i s t i n g  t a p e  on w h i c h  a c o i l  o f  
n i c k e l - c h r o m e  w i r e  w a s 'w o u n d .  To make s u r e  of. a u n i f o r m l y  
d i s t r i b u t e d  h e a t  t h e  w i n d i n g  was made on a l a t h e  w i t h  t h e  
f e e d  a d j u s t e d . t o  g i v e  f o u r  t u r n s  p e r  i n c h  o f  p i p e  l e n g t h .
Two c i r c u l a r  c l i p s  h e l d  t h e  e n d s  o f  t h e  h e a t i n g  e l e m e n t  a n d  
a c t e d  as  t h e  p o s i t i v e  a n d  n e g a t i v e  t e r m i n a l s .  To be  a b l e  t o  
m e a s u re  t h e  v o l t a g e  d r o p ,  and. t h e r e f o r e  t h e  h e a t  g e n e r a t e d ,  
b e tw e e n  a n y  two c r o s s '  s e c t i o n s  t h e  h e a t i n g  e l e m e n t  was t a p p e d
a t  v a r i o u s  p o i n t s  w h ic h  were  c o n n e c t e d  t o  a b o a r d  so  t h a t  
a v o l t m e t e r  c o u l d  be c o n n e c t e d  a c r o s s  a n y  two o f  t h e m .  
A n o t h e r  v o l t m e t e r  c o u l d  be c o n n e c t e d  a c r o s s  t h e  w ho le  h e a t ­
i n g  e l e m e n t  t o  m e a s u r e  t h e  t o t a l  v o l t a g e ;  d r o p ,  a n d  h e n c e  t h e  
t o t a l  h e a t  g i v e n  to  t h e  w a t e r .  P i g .  28 shows t h e  c o n n e c t i o n  
d i a g r a m  o f ' t h e  c i r c u i t .
The r e q u i r e d  e l e c t r i c  pow er  was t a k e n  f ro m  t h e  m a in s  
an d  D.C# was u s e d  t o  a v o i d  e d d y  c u r r e n t s  t h a t  may r e s u l t  i f
9 f  ,  11 | -  , 1 3 f  , 1 7 f  a n d  23 f i n c h e s ' O y / ,/A-w""' "-A
f ro m  t h e  b e g i n n i n g  o f  h e a t i n g
,My/ms////////////////X')V////777-
M iK  & a 6 o~
.\.x\, \s .  .1 . \3 > Js r iv  v e s s
C e n t r e  l i n e
F ‘j ■ 2<f S e c t  / ii o n  i n  / - / e a t e r s .
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t h e  p i p e  h e a t e r  a c t s  as  a s h o r t - c i r c u i t e d  t r a n s f o r m e r *  
G u a r d J I e a t e r .
R a d i a t i o n  l o s s e s  were  e l i m i n a t e d  b y  a s i m p l e /  y e t  an
e f f e c t i v e ,  m e th o d  w h i c h  was f i r s t  u s e d  b y  S i e g e l  and-  
24 1
Hawkins  a n d  l a t e r  b y  A l i  i n ' t h e i r  work on h e a t  t r a n s f e r  '
f ro m  a p l a n e  s u r f a c e  t o  a i r  f l o w i n g  o v e r  i t .  T h i s  i s  
i l l u s t r a t e d  i n  f i g . 29 f ro m  w h ic h  i l>  can  be  s e e n  t h a t  t h e  
p i p e  h e a t e r  i s  f i r s t  c o v e r e d  w i t h  a l a y e r  ( a )  o f  e l e c t r i c  
a s b e s t o s  t a p e  on w h i c h  t h e  h e a t i n g  e l e m e n t  ( b )  i s  wound,
(b )  i s  t h e n  c o v e r e d  w i t h  a n o t h e r  l a y e r  ( c )  o f  t h e  same t a p e  
w h ic h  i s  f o l l o w e d  b y  a l a y e r  ( d )  o f  •§ i n c h  o r d i n a r y  a s b e s t o s
(d )  i s  c o v e r e d  w i t h  a l a y e r  ( e )  o f  e l e c t r i c  t a p e  on w h ic h  a 
h e a t i n g  e l e m e n t  ( f )  i s  wound.  ( g )  i s  a l a y e r  o f  a s b e s t o s  
w h ic h  c o v e r s  a n d  i n s u l a t e s  t h e  h e a t i n g  e l e m e n t  f .  To d i s ­
t i n g u i s h e d  b e t w e e n  t h e  two h e a t e r s , b i s  c a l l e d  t h e  m a in  
h e a t e r  a n d  f  i s . c a l l e d  t h e  g u a r d  h e a t e r .
F o r  a c e r t a i n  am ount  o f  h e a t  g e n e r a t e d  b y  the- m a in  
h e a t e r ,  t h e  am ount  o f  h e a t  g e n e r a t e d  b y  t h e  g u a r d  h e a t e r  can  
be a d j u s t e d  u n t i l  t h e  two t h e r m o c o u p le s { h O  , w h ic h  a r e  e x a c t l y  
o p p o s i t e  t o  e a c h  o t h e r ,  r e g i s t e r  t h e  same t e m p e r a t u r e .  When 
t h i s  c o n d i t i o n  i s .  a t t a i n e d  t h e r e  w i l l  be  no t e m p e r a t u r e  
g r a d i e n t  a c r o s s  t h e  a s b e s t o s  l a y e r  (d) a n d  a l l  t h e  h e a t  g e n e r ­
a t e d  b y  t h e  m a in  h e a t e r  w i l l  go t o  t h e  p i p e  w a l l .
T h r e e  p a i r s  o f  s u c h  g u a r d  h e a t e r  t h e r m o c o u p l e s  a s ( h )
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a r e  i n s t a l l e d  a l o n g  t h e  p i p e  a t  2- | ,  9 §  a n d  22 i n c h e s  f ro m  
t h e  b e g i n n i n g  o f  t h e  h e a t  t r a n s f e r  s e c t i o n .
The e f f e c t  o f  t h e '  g u a r d  h e a t e r  c a n  be  r e a l i s e d  f ro m  
t h e  f o l l o w i n g  e x a m p l e ; *  ■
I n  r u n  n o .  ( l )  o f  t h e  90°  b e n d  e x p e r i m e n t s ,  when t h e
s t e a d y  c o n d i t i o n  was a t t a i n e d  t h e  g u a r d  h e a t e r  t h e r m o -
\ .
c o u p l e s  r e a d  t h e  f o l l o w i n g  t e m p e r a t u r e s  ; -
P a i r  No.  1 2 3
R e a d i n g  o f  i n s i d e  139 1 5 0 . 5  1 5 0 . 5
t h e r m o c o u p l e  °P  
R e a d in g  o f  o u t s i d e  13.8*5 1 5 1 . 2  1 5 0 . 5
t h e r m o c o u p l e  °F
A f t e r '  t h a t  t h e  g u a r d  h e a t e r  was s w i t c h e d  o f f  a n d ,  
when t h e  new s t e a d y  c o n d i t i o n  was a t t a i n e d ,  t h e  t h e r m o ­
c o u p l e s  r e a d  t h e  f o l l o w i n g  t e m p e r a t u r e s ; -
P a i r  N o . 1 2 3
R e a d in g  o f  i n s i d e  1 2 8 . 5  1 3 2 . 5  1 3 2 . 5
t h e r m o c o u p l e ' 0?
R e a d in g  o f  o u t s i d e  . 114*7  119 1 1 6 . 5
t h e r m o c o u p l e  ° P
The r a d i a t i o n  l o s s e s  w ere  r e s p o n s i b l e  f o r  a d r o p  i n  
t e m p e r a t u r e  o f  a b o u t  1.3° P . a c r o s s  t h e  a s b e s t o s  l a y e r  ( d )  
. ( f i g .  29)  .
The e l e c t r i c  p o w er  t a k e n  b y  t h e  g u a r d  h e a t e r  v a r i e d
b e t w e e n  7 . 7 % a n d  1 9 * 8 ^  o f  t h a t  t a k e n  b y  t h e  .main  h e a t e r .
H y d r a u l i c  h o s s  .
The h y d r a u l i c  l o s s  c o u l d  be  m e a s u r e d ; -
( a )  i n  t h e  c a s e  o f  n o r m a l  t u r b u l e n c e  b e t w e e n  t h e  two
p o i n t s  a a n d  b ( f i g . .  23a )  i n  o r d e r  t o  d e t e r m i n e  t h e
f r i c t i o n  l o s s  i n  t h e  h e a t e d  p i p e ,
(b )  i n  t h e  c a s e  o f  s u p e r  t u r b u l e n c e  b e t w e e n  t h e  p o i n t s
c a n d  d  ( f i g .  2 3 a ) ,  i n  o r d e r  t o  d e t e r m i n e  t h e  I n l e t  l o s s
c a u s e d  b y  s u p e r  t u r b u l e n c e .
.. Fio. 3° Cahbta-tfon o f  Velocity M e ter
■ 1 -   ; : " r — r
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C h a p t e r  6
CALIBRATION OP MEASURING DEVICES.
1) V e l o c i t y  M e t e r ,
The n o z z l e  f l o w  m e t e r  d e s c r i b e d  on  p a g e  27 was 
c a l i b r a t e d  a g a i n s t  a w e i g h i n g  t a n k  w h ic h  h a d  b e e n  c h e c k e d  
b y  means o f  a s t a n d a r d  w e i g h t ,  ( T a b l e  3 ) .
F o r  a m e t e r  o f  t h i s  k i n d  t h e  r e l a t i o n .b e t w e e n  t h e  
v e l o c i t y  o f  f l o w  a n d  t h e  p r e s s u r e  d r o p  I s  g i v e n  b y s -
H /1 2  s  K
v 2
2 g
w here  H z t h e  p r e s s u r e  d r o p  i n  i n c h e s  o f  w a t e r ,
' v z t h e  v e l o c i t y  o f  f l o w  i n  f t , / s e c . ,
g « t h e  a c c e l e r a t i o n  o f  g r a v i t y ,
K -  a d i m e n s i o n l e s s  n u m b e r ,
K i s  a f u n c t i o n  o f  t h e  g e o m e t r y  o f  t h e  n o z z l e  i t ­
s e l f  a n d  R e y n o l d s ,num ber  R. F o r  t h e  same n o z z l e ,  i t  b e ­
comes a l m o s t  c o n s t a n t  a f t e r  a c e r t a i n  v a l u e  o f  R I s  e x c e e d '  
e d ,
2P l o t t i n g  t h e  e x p e r i m e n t a l  v a l u e s  o f  H a g a i n s t  v 
a s t r a i g h t  l i n e  was o b t a i n e d  ( f i g *  30)  s h o w in g  t h a t  K was
c o n s t a n t  i n  t h e  r a n g e  o f  t h e  R e y n o l d s  num b er  d e a l t  w i t h .
The e q u a t i o n  o f  t h e  s t r a i g h t  l i n e  was
v 2  „ 0 . 5 1 4  H    ( 8 )
a n d  was u s e d  t o  d e t e r m i n e  t h e  v e l o c i t y  o f  f l o w .
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2) V o l t m e t e r  a n d  Am m eter ,
The v o l t m e t e r  u s e d  I s  a D*C# h i g h  r e s i s t a n c e  m o v in g  c o i l  
one w i t h  t h r e e  r a n g e s : -
f ro m  o t o  6  v o l t s ,
** o * " 150 u ,
a n d  u o u 300 u ,
The i n s t r u m e n t  h a s  a ‘m i r r o r ' s c a l e  o f  a b o u t  6  i n c h e s  i n  
l e n g t h  w h i c h  i s  d i v i d e d  t o  150 d i v i s i o n s |  t h u s  a d i r e c t  
r e a d i n g  o f  0 , 0 4  v o l t s  c o u l d  be o b t a i n e d  i n  t h e  low r a n g e .
The v o l t m e t e r  was c a l i b r a t e d  a g a i n s t  a n  a c c u r a t e  
p o t e n t i o m e t e r  u s i n g  a v e r y  s e n s i t i v e  b a l l i s t i c  g a l v a n o m e t e r .  
The a m m ete r  u s e d  i s  a D.C* m o v in g  c o i l  i n s t r u m e n t  w i t h  
a s c a l e  " s i m i l a r  t o  t h a t  o f  t h e  v o l t m e t e r ,  W i th  a f u l l  
s c a l e  r e a d i n g  o f  7 , 5  am p s ,  a d i r e c t  r e a d i n g  o f  0*05  a m p s ,  
was p o s s i b l e , *
The am m ete r  was c a l i b r a t e d  b y  means o f  t h e  same 
p o t e n t i o m e t e r  a n d  a s t a n d a r d  r e s i s t a n c e .
As a c h e c k ,  b o t h  t h e  v o l t o m e t e - r  a n d  t h e  am m ete r  w ere  
r e - c a l i b r a t e d  a f t e r  more  t h a n  h a l f  t h e  work  was f i n i s h e d .
No a p p r e c i a b l e  d i f f e r e n c e  was f o u n d .
The c a l i b r a t i o n  c u r v e s  a r e  s h o w n ' i n  f i g s . 31 a n d  3 2 ,
3) T h e r m o c o u p l e s . '
A t h e r m o c o u p l e  was c a l i b r a t e d  a g a i n s t  a r e f e r e n c e  m e r -  
o u r y  t h e r m o m e t e r  w h i c h  c o u l d  be  r e a d  t o  0 , 1 ° C; b o t h  w ere
—
. 07
s i d e  b y  s i d e  i n  a t u b e  f i l l e d  w i t h  a s b e s t o s  a n d  h e a t e d  i n  
an  e l e c t r i c  f u r n a c e .  The c a l i b r a t i o n -  c u r v e  t h u s  o b t a i n e d  
( f i g *  33) w a s - t h e n  c h e c k e d  b y  t h e  b o i l i n g  p o i n t s  o f  n a p h ­
t h a l e n e ,  d i s t i l l e d  w a t e r  a n d  b e n z i n e *
4) T h e rm o c o u p le  P o t e n t i o m e t e r .
T h i s  i s . a * D o r a n  i n s t r u m e n t  w h ic h  c a n  be r e a d  to  two 
d e c i m a l s  of.  a m i l l i v o l t  *
C a l i b r a t i o n  b y  t h e  m a k e r s ,  j u s t  a f t e r  t h e  e x p e r i m e n t s
‘ •
were f i n i s h e d ,  gav e  t h e  f o l l o w i n g  r e s u l t s : -
R e a d i n g  o f  P o t e n t i o m e t e r  C o r r e c t  r e a d i n g
m . v ,  m .v ,
0 * 0 0  0 * 0 0 2
1 * 0 0  1 * 0 0 2
2 * 0 0  2 * 0 0 2
4*00 4 * 0 0 2
6 . 0 0 • 6 , 0 0 2  .
8 * 0 0  8 * 0 0 0
1 0 .0 0  1 0 . 0 0 1
38
C h a p t e r  7
PROCEDURE AND METHOD OP CALCULATION
( 1 ) The w a t e r  was t u r n e d  on a n d  t h e  f l o w  a d j u s t e d  t o  g i v e  
t h o  r e q u i r e d  V e l o c i t y , '
i2) The m a in  h e a t e r  was t h e n  s w i t c h e d  on a n d  t h e  v o l t a g e  
a c r o s s  same a d j u s t e d  t o  g i v e  t h e  r e q u i r e d  am ount  o f  
h e a t .
( 3 )  The g u a r d  h e a t e r  was t h e n  s w i t c h e d  on a n d  t h e  v o l t a g e  
a c r o s s  same a d j u s t e d  to  g i v e  j u s t '  s u f f i c i e n t  h e a t  t o  
s t o p  r a d i a t i o n  l o s s e s ,
( 4 )  A f t e r  a b o u t  h a l f - a n  h o u r  t h e  r e a d i n g s  o f  a l l  t h e  
t h e r m o c o u p l e s  w ere  t a k e n  a n d  t h e  g u a r d  h e a t e r  v o l t a g e  
was r e - a d j u s t e d  i f  n e c e s s a r y .  •
(5 )  The r e a d i n g s  o f  a l l  t h e  t h e r m o c o u p l e s  w ere  t a k e n  e v e r y  
15 m i n u t e s  u n t i l  s t e a d y  c o n d i t i o n s  w ere  a t t a i n e d .  I n  
t h e  m e a n w h i l e  t h e  s u p p l y  v o l t a g e  was w a t c h e d  a n d  t h e  
n e c e s s a r y  a d j u s t m e n t s  made t o  m a i n t a i n  a c o n s t a n t  
v o l t a g e  a c r o s s  e a c h  o f  t h e  two h e a t e r s ,
( 6 ) When s t e a d y  c o n d i t i o n s  w ere  a t t a i n e d  t h e  f o l l o w i n g  
r e a d i n g s  w ere  t a k e n ; -
( a )  t h e  v o l t a g e  a c r o s s  e a c h  o f  t h e  m a in  h e a t e r  
s e c t i o n s •
(b )  t h e  d r o p  i n  w a t e r  p r e s s u r e  I n  t h e  t e s t  
s e c t i o n *
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The t i m e  n e c e s s a r y  f o r  s t e a d y  c o n d i t i o n s  t o . b e  o b t a i n e d  
v a r i e d  f rom  40 m i n u t e s  t o  2  h o u r s  d e p e n d i n g  upon  t h e  m a g n i t u d e  
o f  t h e  v e l o c i t y .
The i n s i d e  w a l l  o f  t h e  t u b e  was c l e a n e d  s e v e r a l  t i m e s  
d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t s . b y  means o f  a s t e e l  r o d  
c o v e r e d  w i t h  r a g s  w h i c h  t i g h t l y  f i t t e d  t h e  t u b e  b o r e .
B.- METHOD OF CALCULATION
Tube W al l  T e m p e r a t u r e .
The t u b e  t h e r m o c o u p l e s  w ere  m idway b e t w e e n  t h e  i n s i d e
a n d  o u t s i d e  w a l l s 5* a n d ,  t h e r e f o r e ,  i n d i c a t e d  a t e m p e r a t u r e
t  d e g r e e s  h i g h e r  t h a n  t h a t  o f  t h e  i n s i d e  w a l l .  t  c o u l d
be c a l c u l a t e d  f ro m  t h e  f o l l o w i n g  e q u a t i o n ; -
vs /. 2 IT X A  t  / Q \Q/L a   —----— ■-......... .................. ..
l o g  ££.
' e i
w here  •
Q, " t h e  am ount  o f  h e a t  g i v e n  t o  t h e  t u b e  p e r  u n i t  t i m e ,  j
L * t h e  l e n g t h  o f  t h e  h e a t e d  s e c t i o n .
K ** t h e  - c o n d u c t i v i t y  o f  t h e  t u b e  m a t e r i a l  (220  B. T h . U /
f t *  h r  ° F  f o r  c o p p e r ) » 
r o / t ^  a  t h e  l o g a r i t h m i c  mean r a d i u s .
s  The g r o o v e s  i n  w h i c h  t h e  j u n c t i o n s  w ere  s o l d e r e d  w e re  s o l ­
d e r e d  w ere  —  i n c h  d e e p  a n d  t h e  t u b e  w a l l  was -|- i n c h  t h i c k .  
16
. The am ount  o f  h e a t  g i v e n  t o  t h e  t u b e  was t h e  same 
t h r o u g h o u t  a l l  t h e  e x p e r i m e n t s  a n d  was e q u a l  t o  1.042 B, T h ,  U. 
h r*  The h e a t e d  s e c t i o n  was 2 , 5 2  f e e t  l o n g .  F o r  t h e s e  
v a l u e s  e q ,  (9 )  g i v e s  ^  t  » 0 * 0 4 6 5  °F* B e i n g  so  s m a l l '  i t
was n e g l e c t e d  i n  a l l  t h e  c a l c u l a t i o n s .
N o r m a l ‘T u r b u l e n c e  A v e r a g e  Heat- T r a n s f e r ,
The c o e f f i c i e n t  o f  h e a t  t r a n s f e r  f o r  an  e l e m e n t  o f  
l e n g t h  e q u a l  t o  ( d l )  c a n  be  o b t a i n e d  f ro m  t h e  b a s i c  e q u a t i o n ;
m  .. r  f  , i  , * • • • • * , * * # #  (  10 )
d A  A t .
where  h  » t h e  c o e f f i c i e n t  o f  h e a t  t r a n s f e r ,
dQ a t h e  am ount  o f  h e a t  t r a n s f e r r e d ,
dA s  t h e  h e a t  t r a n s f e r  a r e a ,
/ \ , t  s  t h e  d i f f e r e n c e  b e t w e e n  t h e  w a l l  t e m p e r a t u r e
a n d  t h e  f l u i d  b u l k  t e m p e r a t u r e .
To o b t a i n  the .  a v e r a g e  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  
f o r  a l e n g t h  e q u a l  t o  L e q u a t i o n  (9 )  h a s  t o  be  i n t e g r a t e d  
an d  t h e  l o g a r i t h m i c  mean t e m p e r a t u r e  d i f f e r e n c e  h a s  t o  be 
u s e d .  I n  t h e  w i n t e r  * s ' - c a s e  . t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  
l o g a r i t h m i c  o r  t h e  a r i t h m e t i c  mean t e m p e r a t u r e  d i f f e r e n c e  
were a l m o s t  t h e  same a n d  t h e  l a t t e r ,  a s  o b t a i n e d  f ro m  t h e  
f o l l o w i n g  e q u a t i o n ,  was u s e d  i n  a l l  t h e  c a l c u l a t i o n s *
in l e t
Z  one  o f  i n l e t  
e n J- t h e r m a l
e f f e c t .
c
F i j .  3 4.
41.
where t  * t h e  mean w a l l  t e m p e r a t u r e  a l o n g  L
t  a n d  t  « t h e  w a t e r  b u l k  t e m p e r a t u r e s  a t  t h e  
. 1 0
b e g i n n i n g  a n d  e n d  o f  L .
Hea t  T r a n s f e r  f o r  a Tube o f  I n f i n i t e  L e n g t h .
The g e n e r a l  s h a p e  o f . t h e  u t u b e  t e m p e r a t u r e  - 
a g a i n s t  - l e n g t h 51 c u r v e s ,  a s  o b t a i n e d ,  f ro m  t h e  n o r m a l  t u r b u l ­
en ce  e x p e r i m e n t s  i s  shown i n  f i g .  3 4 ,  Owing t o  t h e  p r e s ­
ence  o f  ui n l e t  e n d  t h e r m a l  e f f e c t ’1* t h e  a v e r a g e  h e a t  t r a n s f e r  
a l o n g  t h e  w h o le  l e n g t h  (a c) i s  h i g h e r  t h a n  t h a t  f o r  a t u b e  o f  
i n f i n i t e  l e n g t h .  The d e s i g n  o f  t h e  a p p a r a t u s ,  h o w e v e r ,  p e r ­
m i t t e d  t h e  m e a s u r e m e n t  o f  t h e  h e a t  g i v e n  to  t h e  w a t e r  b e t w e e n  
a n y  two c r o s s  s e c t i o n s ,  a n d  made i t  p o s s i b l e  t o  e l i m i n a t e  
t h e  Mi n l e t  e n d  t h e r m a l  e f f e c t 5* a n d  o b t a i n  t h e  h e a t  t r a n s f e r  
c o r r e s p o n d i n g  t o  a t u b e  o f  i n f i n i t e  l e n g t h #
Ql a t h e h e a t  g i v e n  to  t h e  w a t e r  f ro m  a to b /  h r
0.2 m t h e h e a t  g i v e n  to  t h e  w a t e r  f ro m  b t o o /  h r
w a CD
A
h
-P w e i g h t  o f  w a. te r  d i s c h a r g e d  / h r .
C S3 s p e c i f i c  h e a t  o f  w a t e r .
t a - B t h e i n l e  t  w a t e r  t e m p e r a  t  u r e .
t b S t h e b u l k  t e m p e r a t u r e  o f  w a t e r  a t  b .  *
s • u 51 1? « 5? 51 Ae *
t h e n
t b * ^a +
V/G
Ql f i p \
„ V  Ql + 0.9 - ^xa n d  t „  s  tt^ 4 - -■» ■——* # • • • # * • * # # ♦ « •  \ l u }
■ • ,W0
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Fbom Qg , , t 0  a n d  t h e  w a l l  t e m p e r a t u r e s  t h e
a v e r a g e  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  b e t w e e n  b a n d  c c o u l d  
be o b t a i n e d 9 a n d  was c o n s i d e r e d  e q u a l  t o  t h a t  t o  be e x p e c t ­
e d  f ro m  a t u b e  o f  i n f i n i t e  l e n g t h .
L o c a l  H e a t  T r a n s f e r .  ' -
. dQ /
The b a s i c  e q u a t i o n  h  -  x dA 4 s, t  shows t h a t ,  f o r  an  
e l e m e n t  o f  a r e a  dA, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  d e p e n d s  on 
b o t h  t h e  r a t e  o f  h e a t  f l o w  dQ a n d  t h e  t e m p e r a t u r e  d i f f e r e n c e  
b e tw e e n  w a l l  a n d  f l u i d  . A c c o r d i n g l y  t h e  v a r i a t i o n  o f  
dQ a n d  A t  h a s  t o  be d e t e r m i n e d  i n  o r d e r  t o  know how h
v a r i e d  a l o n g  t h e  t u b e  , few- ^
■ ; l  V W
The amount  o f  h e a t  g i v e n  t o  t h e  w a t e r ,  a s  c a l c u l a t e d
A
f rom t h e  pow er  consum e d  b y  t h e  m a in  h e a t e r ,  d i d  n o t  show a n y
v a r i a t i o n  w i t h  l e n g t h ,  dQ was,,  t h e r e f o r e ,  c o n s t a n t  a n d  t h e
r e l a t i o n  b e t w e e n  t h e  v a r i a b l e s  was g i v e n  b y s -
h . .  dQ 1  . 
l o c , . dA A  ^
«, JL j l
A A  t  ■
o r  h  • * c o n s t a n t  .  ..............................   , . . ( 1 4 )
l o c . A  t
The am ount  o f  hea t ,  g i v e n  t o  t h e  ’ w a t e r  was k e p t  c o n s t a n t  
t h r o u g h o u t  a l l  t h e  e x p e r i m e n t s  a t  1042 B . T h . U . / h r . ,  a n d  s i n c e  
t h e  h e a t e d  s e c t i o n  was .2 .5 2  f e e t  l o n g  t h e  c o n s t a n t  i n  e q .  ( 1 4 )  
was 2 1 1 0  a n d  t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  a n y  
c r o s s  s e c t i o n  was g i v e n  b y ; -
cl jb c  cl e
i i
Fij. 35
h  a 2 1 1 0 (1 5 )
1 0  C .. t
The b u l k  t e m p e r a t u r e  o f  w a t e r  a t  a n y  c r o s s  s e c t i o n  
was c a l c u l a t e d  i n  t h e  f o l l o w i n g  m a n n e r : -
I f  t ^  = t h e  i n l e t  w a t e r  t e m p e r a t u r e
t Q s t h e  o u t l e t  11 51
t  55 t h e  h u l k  t e m p e r a t u r e  a t  a c r o s s  s e c t i o n
d i s t a n t  x. f ro m  t h e  commencement  o f  h e a t i n g .  
Q " t h e  am ount  o f  h e a t  g i v e n  t o  t h e  w a t e r  /  h r*
W. s t h e  w e i g h t  o f  w a t e r  u s e d  /  h r .
t h e n ,  t a k i n g  t h e  s p e c i f i c  h e a t  o f  w a t e r  as  u n i t y ; -
S t r i o t l y  s p e a k i n g ,  f o r  t h a t  p a r t  o f  t h e  t u b e  w here  
t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i s  n o t  f u l l y  d e v e l o p e d ,  t h e  
c o e f f i c i e n t  h ,  as  o b t a i n e d  f ro m  e q . - ( 1 5 ) , i s  n o t  t h e  r e a l  
o n e .  As shown i n  f i g .  3 5 ,  w here  t h e  t u b e  I s  d i v i d e d  t o  
e q u a l  s e c t i o n s  a b 5 b e ,  cd  e t c . ,  a c e r t a i n  am ount  o f  h e a t  
. i s  f l o w i n g  f ro m  cd  t o  be  b y  c o n d u c t i o n  a l o n g  t h e  t u b e  
m e t a l .  i n  t h e  same w ay  a n  amount  o f  h e a t  qg i s f l o w i n g  
f rom be t o  a b . As a r e s u l t  s e c t i o n  be w i l l  be l o s i n g  an
i n t r o d u c e d  b y  u s i n g  e q . 1 5 .  H o w ev er ,  owing  t o  t h e  s m a l l  
r i s e  i n  t h e  t e m p e r a t u r e  o f  t h e  t u b e  w a l l ,  t h i s  e r r o r  i s  no 
s e r i o u s .  C a l c u l a t i o n s  h a v e  shown t h a t ,  . i n  t h e  w o r s t  c a s e
. ( 1 6 )
. ( 1 7 )
amount o f  h e a t  ~ -  q g w h i c h  r e p r e s e n t s  t h e  e r r o r
(when R e y n o ld s  num ber  i s  s m a l l )  i t  was l e s s  t h a n  2% a n d ,  
t h e r e f o r e ,  c o u l d  be n e g l e c t e d .
H y d r a u l i c  Lo s s  i n  T e s t  S e c t i o n -
( a )  I n  n o r m a l  t u r b u l e n c e  e x p e r i m e n t s ,  t h e  c o e f f i c i e n t  
o f  f r i c t i o n  was c a l c u l a t e d  f ro m  t h e  o b s e r v e d  d r o p  
i n  p r e s s u r e .  •
(b)  I n  s u p e r - t u r b u l e n c e  e x p e r i m e n t s  t h e  t o t a l  l o s s  due to  
b o t h  f r i c t i o n  a n d  e n t r a n c e  was m e a s u r e d  ( f i g . 2 3 a ) .
S u b t r a c t i n g  f ro m  same t h e  l o s s  due t o  f r i c t i o n  ( a s  c a l c u l a -
i
t e d  f rom  B l a s i u s  e q u a t i o n  f o r  s m o o th  p i p e s  f  -  0 . 0 7 9 1 / R 4 ) 
th e  s u p e r  t u r b u l e n c e  l o s s  w as .k n o w n s~
■ H = H + H ' |
t o t a l  f r i c t i o n  s u p e r  - t^Vubulence
b u t  v- o
H -  K _
• s u p .  2 g
hence  K c o u l d  be  known,  w h i c h  i s  t h e  i n l e t  l o s s  c o e f f i c ­
i e n t  o r  t h e  c o e f f i c i e n t  o f  h y d r a u l i c  l o s s  due to  s u p e r  
t u r b u l e n c e .
S t r i c t l y  s p e a k i n g ,  t h e  f r i c t i o n  l o s s  I n  t h e  p i p e  
h e a t e r  was n o t  i s o t h e r m a l .  H o w ev er ,  o w ing  t o  t h e  s m a l l  r i s e  
i n  tu b e  t e m p e r a t u r e  t h e  d i f f e r e n c e ,  a s  w i l l  be shown l a t e r ,  
was n e g l i g i b l e . • •
P r o p e r t i e s  o f  Wat e r .
The p r o p e r t i e s  o f  w a t e r ,  a s  g i v e n  b y  F i s h e n d e n  a n d
Saunders^?-  a r e  p l o t t e d  a g a i n s t  t e m p e r a t u r e  I n  f i g . 78 w h ic h  
was u s e d  i n  a l l  t h e  c a l c u l a t i o n s .
C h a p t e r  8  45
SPECIMEN OP CALCULATIONS 
A -  Normal  T u r b u l e n c e  Run N o . l
(1)  A v e r a g e  h e a t  t r a n s f e r  b e t w e e n  L / p  a 0 a n d  h / D  « 5 6 .  
t w( I n l e t )  * 5 1 , 5  ° F
t w (L /D  a 36)  u s i n g  e q , 1 2  = 5 1 . 5 + 1 * 2 4
. s 5 2 . 7 4  ° P
■ t w (mean)  = -|( 5 1 . 5  + 52 ,7 4  )
a 5 2 . 1 2  ° p . 
t s mean ( f r o m  c u r v e )  ~ 6 1 .3 8  ° P
T e m p e r a t u r e  d i f f e r e n c e  s 9*26  °P
li u s i n g  e q .  15 a 2 2 7 . 5  B . T h . U / s q . f t . h r . ° p
a t  5 2 . 1 2  ° P  j -
s 0 . 0 4 8 6  s q . f t . / h r .
K = 0 . 3 4 1 3  B .T h . T J / f t  . h r  . ° P  
p r  . a  8 . 9 2
o u P r  ~ = 2 . 4
1.
P r 3  » 2 . 0 7
Nu ~ 4 1 . 7
Nu
0 . 4P r
1 7 . 4
/  a ( a t  6 1 .3 8  °P)  -  2 . 6 8  l b . / f t  . h r .
^  w ( a t  5 2 . 1 2  °P)  -  3 . 0 5  " u
( ) 0 - 1 4  = 0 . 9 8 1
Nu( ) 0 * 1 4  /  P r ^  a 1 9 . 1 5
/^Mi /
4 6
R e a d in g  o f  v e l o c i t y  m e t e r  s 2 . 5  i n c h e s
v e l o c i t y  v u s i n g  e q . 8  -s 1 . 0 8 8  f t / s e c * ,
and R = 5040
2) H e a t  T r a h s i f e r  f o r  a t u b e  o f  i n f i n i t e  l e n g t h -
T h i s  i s  c a l c u l a t e d  b e t w e e n  L/D  = 12 a n d  l / D  * ' 3 6 .
t w ( a t  l / D  a 12) u s i n g  e q . 12 «* 5 1 . 9 2  °P
t w ( a t  L/D = 36)  11 » 12 s 5 2 . 7 4  P p
tw (mean) = 5 2 . 3 3  ° p
t g (mean)  f ro m  cUrve  = 6 2 .2 5
= 9 . 9 2  ° P
h  f rom  e q .  15 = 212 B . T h . U . / s q . f t . h r .  ° Po.
a t  5 2 . 3 3  ° P
Y  s 0 . 0 4 8 6  s q . f t . / h r .
K s 0 . 3 4 1 3  B . T h , U . / f t . h r . ° F
P r  = 8 , 9 2
p r 0 .4  2 A
X
P r s a 2 .0V
Nu ' -  '38 .8
4 7
0 u ' u
/ *  s ( a t  6 2 . 2 5  °P)  “  2 . 6 6  l b . / f t . h r .
n ( a t  5 2 . 3 3  °P )  = ■ 3  *05
( / V / ^ ) 0 , 1 4  =■ ° - 981
Hu ( f h .  ) °  *1 " / p r ®  = 1 8 . 4
' A \  /
’/  w
v c l * 0 8 8  f t . / s e c .
R 5040
3) ' F r i Q t i o n  C o e f f i c i e n t  f .
F r i c t i o n  l o s s  = 0 . 3 6  i n c h  o f  w a t e r .
F r i c t i o n  l e n g t h ,  ( f i g . 2 3 a )  « 32 i n c h e s ,  
v S 1 . 0 8 8  f t . / s e c .
u s i n g  t h e  e q u a t i o n : -
L v 2
h  * 4 f  I T  Sg~
f  s  0 . 0 0 9 5 5
B * S u p e r  T u r b u l e n c e  
r 80°  A n g le  Bend E n t r a n c e  Run 1
(1)  L o c a l  h e a t  t r a n s f e r  a t  h /D  a 5 .5
t w (L /D  b 0 )  = 7 1 . 6  ° F
t w (L /D  s 5 . 5 )  u s i n g  e q . 1 2  -  7 1 . 7 6 oF
t s ( a s  g i v e n  b y  th e r m o c o u p le )  = 78 . 6  °F  
A t  « 6 . 8 4  ° F
h  f ro m  eq.. 15 = 309 B . T h . U . / s q  . f  t  . h r  . 0  F
48
at 71.76 F s -
V*
K 
P r  
P r  3
0 .0375
0 . 0  51 
6 .6 3
1 . 8 7 7
s q . f t . / h r .  
B . T h . U , / f t . h r . ° F
Nu
s ( 7 8 . 6  °F)
Mj .
/  w ( 7 1 . 7 6  UF) 
( /%  / / % c •14
Hu (
A , 0 . 1 4  /  i- _
/ P r i  "
/  \A/
55
2 . 1 3
2 . 3
0 . 9 9
29
l b  . / f t  . h r
n n
R e a d in g  o f  v e l o c i t y  m e t e r  = 3 , 3  i n c h e s
v f ro m  e q .  8  = 1 , 3 0 2  . f t . / s e c
R * 7820
(2)  I n l e t  l o s s  c o e f f i c i e n t  K.
T o t a l  l o s s
a t  R 
f
= f r i c t i o n  l o s s + i n l e t  l o s s . 
r  1*13 I n c h e s  o f  w a t e r .
s 7820
= 0 . 0 0 8 4  f ro m  B i a s i u s  e q u a t i o n
b u t  f r i o t i o n  l e n g t h  =. 39 —  i n c h e s  ( f i g , 2 3 a )  
h e n c e ,  u s i n g  t h e - e q u a t i o n : -
L v 2
h  4 f  g  rjg
49
t h e  l o s s  due t o  f r i c t i o n  3  0 . 5 6 1  i n c h e s  o f  w a t e r
h e n c e ,  i n l e t  l o s s  3  0 . 5 6 9  n n u
a n d  K = 1 . 7 9 5
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C h a p t e r  9
RESULTS OP NORMAL TURBULENCE EXPERIMENTS .
(a )  V a r i a t i o n  o f  W a l l  T e m p e r a t u r e  w i t h  L e n g t h .
The w a l l  a n d  w a t e r  t e m p e r a t u r e s  a r e  p l o t t e d  i n  f i g . 3 6 '  
a g a i n s t  t u b e  l e n g t h .
I t  was m e n t i o n e d  b e f o r e  t h a t  t h e  am ount  o f  h e a t  g i v e n  
to  t h e  w a t e r  p e r  u n i t  l e n g t h  o f  t u b e  was f o u n d  c o n s t a n t .  The 
w a t e r  t e m p e r a t u r e  c u r v e s  a r e ,  t h e r e f o r e ,  s t r a i g h t  l i n e s .
The w a l l  t e m p e r a t u r e  f o l l o w s  a c u r v e  w i t h  a d i m i n i s h ­
i n g  s l o p e  f o r  a c e r t a i n  L/D ( w h i c h  t h e  w r i t e r  w i l l  c a l l  t h e  
c r i t i c a l  L /D ) a f t e r  w h i c h  t h e  s l o p e  becom es  c o n s t a n t  an d  
t h e  c u r v e  becom es  a s t r a i g h t  l i n e  p a r a l l e l  t o  t h e  w a t e r  
t e m p e r a t u r e  l i n e .
T h i s  i n t e r e s t i n g  p o i n t  i s  n o t  m e n t i o n e d  i n  B c c l t e r ,  
Young a n d  i v e r s e n  p a p e r  w here  o n l y  t h e  h e a t  t r a n s f e r  c o ­
e f f i c i e n t s  c u r v e s  a r e  g i v e n .  P e r s o n a l  c o m m u n i c a t i o n  w i t h  
Mr, Young,  h o w e v e r ,  h a s  r e v e a l e d  t h a t , b e c a u s e  s t e a m  was t h e  
h e a t i n g  medium, t h e  t u b e  t e m p e r a t u r e  was c o n s i d e r e d  c o n s t a n t  
a l o n g  t h e  w h o le  l e n g t h .  Owing t o  t h e  f a c t  t h a t  t h e  w r i t e r ’ s 
t u b e  was e l e c t r i c a l l y  h e a t e d ,  i t  a p p e a r s  t h a t  t h e  a b o v e  
o b s e r v e r ’ s a s s u m p t i o n  c a n n o t  b e  a r g u e d  u n t i l  some e x p e r i m e n t s  
s i m i l a r  t o  t h e  w r i t e r ’ s ,  w i t h  s t e a m  a s  t h e  h e a t i n g  medium, a r e  
c o n d u c t e d .
A n o t h e r  i n t e r e s t i n g  p o i n t  i s  t h a t  t h e  c r i t i c a l  L /D 
as  shown b y  t h e  w a l l  t e m p e r a t u r e  c u r v e s ,  i s  i n d e p e n d e n t  o f


5  6 7 S 9 lo 12 16 x / o o o
a  ■=. "O f  cons!stent units
r
Tig.39 N orm al  "Turbulence Average H e a f  .
T r a n s f e r  -for L  / t>  ~  3 6
£ 7 8  1 10 12 16 X i ° ° o
f t  s* /<vr- P ^  consisieni unHs.
/*
Fij> Jj-0 N o r m a l  T u r b u le n c e  A verage  H e a t  
T r a n s f e r  f 0r L =s 3 ^ .
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the  m a g n i t u d e  o f  t h e  R e y n o ld s  num ber  a n d  i s .  e q u a l  t o  1 2 .
(L /D)  a 12    (18 )7 c r ,
F o r  L /D  l e s s  t h a n  t h e  c r i t i c a l  w h a t  i s  known as  
( i n l e t  ©nd t h e r m a l  e f f e c t )  i s  p r e s e n t .  T h i s  w i l l  be d e a l t  
w i t h ' f u l l y  l a t e r  o n .
( b) A v e r a g e He a t  Tr a n s f e r .
The a v e r a g e  h e a t  t r a n s f e r  a l o n g  t h e  f i r s t  36 d i a m e t e r s  
( b e tw e e n  L/D -  0 a n d  L/D -  36) was c a l c u l a t e d .  The r e s u l t s
o b t a i n e d  a r e  g i v e n  i n  t a b l e  1 0 . a n d  p l o t t e d  on c a r t f s i a n  c o ­
o r d i n a t e s  i n  f i g s . 37 a n d  38 a n d  on l o g a r i t h m i c  p a p e r  i n  f i g s . 
39 and  4 0 .  They  a r e  1 7 /  l o w e r  t h a n  e q .  -2 a n d  1 9 , 5 /  l o w e r  
t h a n  e q . 4 .
I n  o r d e r  t o  show t h e  n e c e s s i t y  o f  u s i n g  t h e  c o r r e c t  
mean w a l l  t e m p e r a t u r e  i n . t h e  c a l c u l a t i o n s , t h e  a v e r a g e  h e a t  
t r a n s f e r  f o r  t h e  l e n g t h  m e n t i o n e d  a b o v e  was r e - c a l c u l a t e d  w i t h  
a mean w a l l  t e m p e r a t u r e  o b t a i n e d  f ro m  t h e  r e a d i n g s  o f  t h e  f i r s t  
and l a s t  t h e r m o c o u p l e s ,  o n l y .  The r e s u l t s  t h u s  o b t a i n e d ,  w h i c h  
a r e  g i v e n  i n  t a b l e  11 a n d  p l o t t e d  i n  f i g . 3 9 ,  a r e  a l m o s t  2 5 /  
h i g h e r  t h a n  t h e  c o r r e c t  o n e s .
( e) Hea t  T r a n s f e r  f o r  a Tube o f  I n f i n i t e  L e n g t h .
The a v e r a g e  h e a t  t r a n s f e r  b e t w e e n  L/D a ( L / D ) c r  * 12 
and l /D  = 3 6 ,  w h i c h  i s  e q u a l  t o  t h a t  f o r  a t u b e  o f  i n f i n i t e
l e n g t h ,  was c a l c u l a t e d .  The r e s u l t s  o b t a i n e d  a r e  g i v e n  i n  
t a b l e  9 a n d  p l o t t e d  on c a r t i s i a n  c o - o r d i n a t e s  i n  f i g s .41  a n d
$: :r. ;t
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5 £ j 8 7 t° f2 ' f  K X tooo
/?  =  'xr ^  f* con s is ten t units
H e a t  T r a . n s f e r  for / a  Tube  
o f  Infinite Letu jih
consistent t/nif-s . 
F i j - H e a t  T t a , n s f e t  For cl "Tube 
o f  In fin ite  Lencjtk  .
:: ::::
rrr
42 and on l o g a r i t h m i c -  p a p e r  i n  f i g s ,  43 a n d  4 4 .  I t  c an  be
seen  t h a t  t h e y  a r e  22.5y& l o w e r  t h a n  e q ,  2 a n d  24$? l o w e r  t h a n
e q .4» -
( d) Equa t i o n s r e p r e s e n t i n g  E x p e r i m e n t a l  Res u l t s .
The e x p e r i m e n t a l  r e s u l t s  a r e  w e l l  r e p r e s e n t e d  b y  t h e  
f o l l o w i n g  e q u a t i o n s
For  L/D ' s  i n f i n i t y ; ^
0 . 8  0 . 4  . N
Nu s  0 . 0 1 7 8  R P r     . . .  . ( 1 9 )
Q Q JL_ AAs
. Hn = 0 . 0 2 0 5  R P r 3( ™ _) 0 , 1 4  ................ .................(20
U JUL,/  s
Fo r  L/D  a 3 6 :  -  .
0 . 8  0 . 4  ■ .
Nu = 0 . 0 1 9 1  R. P r   ( 2 1 )
Hu s 0 .0 2 1 V  R ° ' °  p h ( y l _ ) 0 , 14   . . . . . . . ( 2 2 )
/ n -  •
F r i c t i o j i
The p r e s s u r e  l o s s  due t o  f r i c t i o n  i n  t h e  h e a t e d  p i p e  
was m e a s u r e d  a n d  t h e  c o r r e s p o n d i n g  f r i c t i o n  c o e f f i c i e n t s  were 
c a l c u l a t e d .  The r e s u l t s  o b t a i n e d  a r e  g i v e n  i n  t a b l e  7 a n d  a r e  
p l o t t e d  a g a i n s t  R e y n o ld s  num ber  i n  f i g .  4 5 ,  F o r  t h e  s a k e  o f  
c o m p a r i so n  t h e  I s o t h e r m a l  c o e f f i c i e n t s  p r e v i o u s l y  o b t a i n e d  a r e  
a l s o  show n.  I t  c a n  be  s e e n  t h a t  t h e  e x p e r i m e n t a l  v a l u e s  a r e  
in  a g r e e m e n t  w i t h  B l a s i u s  e q u a t i o n  a n d  t h a t ,  ow ing  t o  t h e  
s m a l l  r i s e  i n  tube- t e m p e r a t u r e ,  t h e r e  i s  no d i f f e r e n c e  b e t w e e n  
the  h e a t  t r a n s f e r  a n d  t h e  i s o t h e r m a l  c o e f f i c i e n t s  .
5 3
C h a p t e r  10
INLET ' END THERMAL EFFECT,
The w r i t e r  w i l l  now d e a l  w i t h  t h e  phenomenon w h ic h  i s  
r e s p o n s i b l e  f o r  t h e  h i g h  h e a t  t r a n s f e r  n e a r  t h e  commencement 
of  h e a t i n g ,  r e s t r i c t i n g  h i m s e l f  t o  t h e  c a s e  w here  n o r m a l  
t u r b u l e n c e  i s  a l r e a d y  p r e s e n t  a t  t h e  e n t r a n c e  t o  t h e  h e a t e d  
p i p e .  T h i s  c a s e  i s  d i s t i n g u i s h e d  b y  t h e  f a c t  t h a t ,  a t  t h e  
e n t r a n c e ,  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i s  u n i f o r m  o v e r  t h e  
c r o s s - s e c t i o n  b u t  t h e  v e l o c i t y  d i s t r i b u t i o n  i s  t h a t  of f u l l y  
d e v e l o p e d  n o r m a l  t u r b u l e n t  f l o w ,  a s  h a p p e n s  when a l o n g  c a l m i n g  
p ip e  i s  f i t t e d .
I t  m u s t  be r e m e m b e re d  t h a t  t h e  phenom enon m e n t i o n e d  I s  
a pu re  t h e r m a l  one  a n d ,  t o  a v o i d  c o n f u s i o n  w i t h  t h e  ” i n l e t  
e f f e c t ” o f .s u p e r - t u r b u l e n c e , i t  i s  u s u a l l y  c a l l e d  ” i n l e t  e n d  
t h e r m a l  e f f e c t * ”
13As f a r  b a c k  as  1921 L a t a k o  /m ade  a t h o r o u g h  t h e o r e t ­
i c a l  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  o f  t h e  '’s t a r t i n g  l e n g t h ” 
on th e  l o c a l  a n d  a v e r a g e  h e a t  t r a n s f e r .  F o r  t h e  c a s e  men­
t i o n e d  ab o v e  he  o b t a i n e d  t h e  f o l l o w i n g  e q u a t i o n  f o r  t h e  l o c a l  
c o e f f i c i e n t  o f  h e a t  t r a n s f e r  b e t w e e n  L /D  « 0 a n d  L /D  * 
i n f i n i t y ; -
b = 0 . 0 3 8 4 ^ 1 -  (l-i- o . l e^ + O  . 9 ^ -  0 .023  e '*. . . )  23)
l o c a l
L/D R
L a t z k o ! s a n a l y s i s  shows t h a t  t h e  c o e f f i c i e n t  o f  h e a t  
t r a n s f e r  s t a r t s  w i t h  an  i n f i n i t e l y  g r e a t  v a l u e .  As s o o n  as  
L/D becomes  f i n i t e  h  d e c r e a s e s  r a p i d l y  a n d  when L/D i s  e q u a l  
to  i n f i n i t y  t h e  f o l l o w i n g  l i m i t  i s  a t t a i n e d : * ^
h  ~ 0 . 0 3 8 4  v / j s  . . . . ..................................... C24)
' fL
R~
The a v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  a n y  L/D 
i c? o b t a i n e d  b y  i n t e g r a t i o n  w h i c h  g i v e s  s -
-oC
b  ~ h  ( 1 +  0 .0 67 R~ D + D R4" (a e  + b e  + c e. . ♦) | . *. . ( 25) 
a v .  < * » ( . . ’ L L
L /D :  ( )
( )
w h e re * -
a = ^ °j: ? b a , c = 0 . 0 2 3
2 ^  2 9 . 2 7  ~ 3 l T 9 6
F o r  L /D  g r e a t e r  t h a n  5 t h e  f o l l o w i n g  s i m p l i f i e d  
e q u a t i o n  may be u s e d 0, -
55
A l t h o u g h  L a t z k o ’ s a n a l y s i s  was p u b l i s h e d  i n  1921 i t
was n o t  u n t i l  1930 t h a t  t h e  i n l e t  e n d  t h e r m a l  e f f e c t  was
8
d e t e c t e d  e x p e r i m e n t a l l y .  E a g l e  a n d  F e r g u s o n  , whose e x p e r i ­
m en ts  a r e  d e s c r i b e d  on p ag e  20 , h a d  two t h e r m o c o u p l e s  
s o l d e r e d  on one o f  t h e  t u b e s  a t  2 a n d  94 d i a m e t e r s  r e s p e c t ­
i v e l y  f ro m  t h e  commencement  o f  t h e  h e a t e d  s e c t i o n .  The 
t e m p e r a t u r e  m e a s u r e d  b y  t h e  i n l e t  t h e r m o c o u p l e  was l o w e r  
t h a n  t h a t  m e a s u r e d  b y  t h e  o u t l e t  o n e ,  a n d  t h e  d i f f e r e n c e ^  
was s u f f i c i e n t  t o  g i v e  a '  l o c a l  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  
a t  t h e  i n l e t  t h e r m o c o u p l e  hofo g r e a t e r  t h a n  t h a t  a t  t h e  
o u t l e t  o n e ,  i n  s p i t e  o f  t h e  f a c t  t h a t  a l o n g  c a l m i n g  s e c t i o n  
o f  L/D s 160 was u s e d  t o  a v o i d  s u p e r  t u r b u l e n c e *
The w a l l  t e m p e r a t u r e  v e r s u s  t u b e  l e n g t h  c u r v e s  o f  t h e  
w r i t e r ’ s e x p e r i m e n t s  ( f i g .  36)  h a v e  c o n f i r m e d  E a g l e  a n d  
F e r g u s o n ’ s o b s e r v a t i o n .  t  a n d  h  d i d  n o t  a t t a i n  t h e  
l i m i t  v a l u e  b e f o r e  L /D  was a b o u t  1 2 .
E a g l e  a n d  F e r g u s o n  e x p l a i n e d  t h i s  phenomenon i n  t h e
af o l l o w i n g  m a n n e r ^  The h e a t - f l o w  r a t e  i n t o  t h e  t u b e  i s  d e t e r  
m ined  b y  t h e  p r o d u c t  o f  t h e  t h e r m a l ,  c o n d u c t i v i t y  o f  t h e  w a t e r  
a t  t h e  t u b e  w a l l  a n d  t h e  t e m p e r a t u r e  g r a d i e n t  a t  t h a t  p o i n t .  
At a c r o s s  s e c t i o n  o n l y  a n  i n f i n i t e s i m a l  d i s t a n c e  p a s t  t h e  
p o i n t  a t  w h i c h  t h e  h e a t - f l o w  commenced o n l y  a n  i n f i n i t e s i m a l  
amount o f  h e a t  h a s  b e e n  g i v e n  t o  t h e  w a t e r ,  a n d  t h e  w a t e r  
t e m p e r a t u r e  m u s t  s t i l l  be u n i f o r m  a l l  o v e r  t h e  c r o s s  s e c t i o n .
Hence i f  t h e  t u b e  t e m p e r a t u r e  i s  a f i n i t e  am ount  ab o v e  th e
w a t e r  t e m p e r a t u r e  t h e r e  m u s t  be an  i n f i n i t e  t e m p e r a t u r e
g r a d i e n t  i n t o  t h e  w a t e r  a t  t h e  t u b e  w a l l ,  a n d  t h e r e f o r e  an  
i n f i n i t e  r a t e  o f  h e a t  f l o w  i n t o  t h e  w a t e r . P h y s i c a l l y  t h i s  
means t h a t  a t  an  i n f i n i t e s i m a l  d i s t a n c e  p a s t  t h e  p o i n t  a t  
w h ich  t h e  h e a t  f l o w  commenced i t  i s  i m p o s s i b l e  f o r  t h e  t u b e  
to  be a t  a f i n i t e  amount  a b o v e - t h e  w a t e r  t e m p e r a t u r e  a s  t h e  
i n f i n i t e s i m a l  t e m p e r a t u r e  d i f f e r e n c e ,  w h i c h  i s  a l o n e  p o s s i b l e ,  
w i l l  e s t a b l i s h  a f i n i t e  r a t e  o f  h e a t  f l o w ,  I n  e i t h e r  way t h e  
i n i t i a l  v a l u e  o f  h  m u s t  be  i n f i n i t e .
As t h e  w a t e r  p r o c e e d s  a l o n g  t h e  t u b e ,  p o i n t s  n e a r  t h e  
a x i s  w i l l  f a l l  more  a n d  more  t o  an  am ount  ( n o t  v e r y  l a r g e ) 
below t h e  mean w a t e r  t e m p e r a t u r e ,  w h i l e  p o i n t s  n e a r  ( b u t  n o t  
a t )  t h e  t u b e  w a l l  w i l l  r i s e  more  a n d  more a b o v e  t h i s  mean 
t e m p e r a t u r e .  S i n c e  t h e  w a t e r  t e m p e r a t u r e  a t  t h e  t u b e  i s  
e q u a l  t o  t h e  t u b e  t e m p e r a t u r e  t h i s  means  t h a t  t h e  t e m p e r a t u r e
g r a d i e n t  i n t o  t h e  w a t e r  m u s t  d i m i n i s h  t o  some l i m i t i n g  v a l u e
as h e a t  i s  a d d e d  t o  t h e  w a t e r .  T h i s  m eans  t h a t  h  m u s t  
d i m i n i s h  f ro m  i t s  i n i t i a l  v a l u e  o f  i n f i n i t y  t o  a l i m i t i n g
/ /
v a l u e  some d i s t a n c e  d o w n s t r e a m  o f  t h e  commencement o f  h e a t i n g .
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I n  1913  H u s s e l t  s u g g e s t e d  a f o r m u l a  o f  t h e  f o r m ; -
H = a Rn P r “  ( g  F   . . . . ( 2 7 )
t o  r e p r e s e n t  t h e  h e a t  t r a n s f e r  f o r  d i f f e r e n t  v a l u e s  o f  L/D* 
From t h e  e x p e r i m e n t a l  r e s u l t s  o f  H i e t s o h e l  a n d  Holmboe f o r
f o r  d i f f e r e n t  d i a m e t e r s  a n d  l e n g t h s  he  c o n c l u d e d  t h a t
x es 0 ° 0 5 4 .  L a t e r  i n  1 9 3 1 ,  t a k i n g  i n t o  a c c o u n t  t h e  e x p e r i -
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ments  o f  B u r b a c h  he c h a n g e d  t h i s  t o . x  a / i s  .
The -weakness  o f  N u s s e l t ’ s f o r m u l a  i s  v e r y  o b v i o u s .  
I t  g i v e s  a h e a t  t r a n s f e r  a 0 when L/D b i n f i n i t y .
$ 4
I n  1 9 4 8 ,  Ghollet jfce , whose e x p e r i m e n t s  a r e  d e s c r i b e d  
on pag e  23 , m e a s u r e d  t h e  heat-  t r a n s f e r  f ro m  t u b e  t o  a i r  
e v e r y  1 0 . 5  d i a m e t e r s  a l o n g  t h e  t u b e ,  a n d  o b t a i n e d  t h e  a v e r a g e  
h e a t  t r a n s f e r  f o r  L /D o f  1 0 . 5 ,  2 1 ,  3 1 . 5 ,  4 2 ,  5 2 . 5  a n d  6 3 .
The e x p e r i m e n t a l  m e th o d  was a g r e a t  im p ro v e m e n t  s i n c e  
i t  a l l o w e d  t h e  e f f e o t  o f  L /D t o  be  i n v e s t i g a t e d  u n d e r  p r e c i s e  
l y  t h e  same c o n d i t i o n s .
C h o l l e t t e  f o u n d  t h a t  t h e  a v e r a g e  h e a t  t r a n s f e r  was 
0 .1
p r o p o r t i o n a l  t o  (D /L)  b e t w e e n  L/D  a 1 0 . 5  an d  6 3 .  F o r  
h i g h e r  v a l u e s  o f  L /D ,  h o w e v e r ,  i t  was a l m o s t  c o n s t a n t .
'  I
I t  s h o u l d  be  n o t e d ,  h o w e v e r ,  t h a t  i n  C h o l l e t t e * s  
e x p e r i m e n t s  no c a l m i n g  s e c t i o n  was u s e d  a n d  t h e  c o n d i t i o n ,  
t h e r e f o r e ,  i s  d i f f e r e n t  f ro m  t h a t  d e a l t  w i t h  h e r e .
3
B o e l t e r ,  Young a n d  I v e r s e n  9 i n  1 9 4 8 ,  m e a s u r e d  t h e  
l o c a l  h e a t  t r a n s f e r  f ro m  t u b e  t o  a i r  © very  L /D  z 0 , 5 6  f o r  t h e  
f i r s t  4 . 5  d i a m e t e r s  o f  l e n g t h  a n d  e v e r y  L/D « 1 . 1 2  b e t w e e n  
L/D « 4 . 5  a n d  L/D = 1 8 .  T h e i r  e x p e r i m e n t s  a r e  d e s c r i b e d  on 
page 2 3 . .  W i th  a c a l m i n g  p i p e  o f  L /D a 1 1 . 2  t h e y  f o u n d
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t h a t  t h e  a v e r a g e  h e a t  t r a n s f e r  c o u l d  be g i v e n  b y  t h e  f o l l o w ­
i n g  e q u a t i o n  f o r  L/D g r e a t e r  t h a n  5 :
D
h  = h  - ' (1 +K f T  )    ( 2 S )
a v
where h  « t h e  l o c a l  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  a t  a
GO
c r o s s  s e c t i o n  w here  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  
i n  t h e  f l u i d  i s  f u l l y  d e v e l o p e d .  
s t h e  a v e r a g e  c o e f f i c i e n t  o f  h e a t ,  t r a n s f e r  f o r  a 
t u b e  o f  i n f i n i t e  l e n g t h .
K s  c o n s t a n t
« 1 . 4
As m e n t i o n e d  b e f o r e ,  t h e  c o n s t r u c t i o n  o f  t h e  w r i t e r ’ s 
a p p a r a t u s  p e r m i t t e d  t h e  m e a s u r e m e n t  o f  t h e  l o c a l ,  a s  w e l l  as  
t h e  a v e r a g e ,  h e a t  t r a n s f e r .  T h u s ,  f ro m  t h e  same e x p e r i m e n t s  
and  u n d e r  t h e  same c o n d i t i o n s ,  i t  was p o s s i b l e  t o  d e t e r m i n e  
t h e  r e a l  e f f e c t  o f ,?i n l e t  e n d  t h e r m a l  e f f e c t 11 • . The l o n g  c a l m ­
i n g  p i p e  u s e d  (L /D  « 4 4 . 6 ) - made su re -  t h a t  n o r m a l  t u r b u l e n c e  
was p r e s e n t  a t  t h e  e n t r a n c e  t o  t h e  p i p e  h e a t e r .
The a v e r a g e  h e a t  t r a n s f e r  a l o n g  f i v e  l e n g t h s  o f  t u b e  
x
(L/D n 4 ,  8 ,  1 6 ,  2 7 ,  36)  was c a l c u l a t e d .  The r e s u l t s  o b t a i n e d
sue  g i v e n  i n  t a b l e s  1 2 ,  1 3 ,  14 a n d  15  a n d  shown i n  f i g u r e s
s .  T h i s  l e n g t h  was c h o s e n  p u r p o s e l y  t o  com pare  t h e  r e s u l t s  w i t h  
t h o s e  o f  N u s s e l t ,  h i s  t u b e  b e i n g  o f  L/D » 2 7 .
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4 6 ,  4 7 ,  48;  49 a n d  50 i n  t h e  fo rm  o f  $ A * a g a i n s t  R. .
I t  can  be s e e n  t h a t  a l l  t h e  f i v e - . c u r v e s  a r e ' - p a r a l l e l ,  on 
l o g a r i t h m i c  p a p e r ,  t o  t h e  l i n e  r e p r e s e n t i n g  e q .  2 , a n d  h e n c e  
c o u l d  be r e p r e s e n t e d  b y  e q u a t i o n s  o f  t h e  f o r m s -
N = a R ° * 8  P r ° ’ "  . . . . . . . . . .  V . o . . . . . . < ( 2 9 )
The c o n s t a n t  . a was d e t e r m i n e d  a n d  i s  g i v e n  i n  t h e  t a b l e  
b e low  t o g e t h e r  w i t h  t h a t  f o r  a t u b e  o f  i n f i n i t e  l e n g t h  i
;L/D j 4 ; - 8 16 | 27 | 35 j
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I n  o r d e r  t o  f i n d  o u t  i f  t h e  r e s u l t s  c o u l d  be r e p r e ­
s e n t e d  b y  a n  e q u a t i o n  o f  t h e  N u s s e l t '1 s fo rm  ;
0 . 8  0 . 4  ~ n
N -  b R p ( £ )  .......................................( 3 0 )
L
N/pO .4  v\?as p l o t t e d  a g a i n s t  L /D  f o r  d i f f e r e n t  R e y n o ld s  num bers  
on l o g a r i t h m i c  p a p e r .  The c u r v e s  o b t a i n e d  a r e  shown i n  f i g .  
51 f ro m  w h i c h  i t  i s  c l e a r  t h a t  (2, yn i s  n o t  a s i m p l e  pow er  
f u n c t i o n .  T h e r e f o r e  a n  e q u a t i o n  o f  t h i s  f o rm  c a n n o t  r e p r e ­
s e n t  t h e  h e a t  t r a n s f e r  f o r  a l l  v a l u e s  o f  L /D .  I t  s h o u l d  be  
n o t e d  t h a t  t h e  e x p e r i m e n t s  o f  B u r b a c h ,  f ro m  w h i c h  N u s s e l t  
o b t a i n e d ' t h e  e x p o n e n t  n  i n  1 9 3 1 ,  w ere  c o n d u c t e d  f o r  l e n g t h s  
g r e a t e r  t h a n  L/D a 1 0 .  I n  t h i s  r a n g e ,  a s  c a n  be  s e e n  f ro m  f i g .  
.51 ,  t h e  c u r v e s  a r e  a l m o s t  s t r a i g h t  l i n e s .
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P i g .  52 shows a c o m p a r i s o n  b e t w e e n  t h e  h e a t  t r a n s f e r  
f o r  a t u b e  o f  i n f i n i t e  l e n g t h  a n d  t h e  a v e r a g e  h e a t  t r a n s f e r  
f o r  d i f f e r e n t  v a l u e s  o f  L /D a s  c a l c u l a t e d  f ro m  t h e  c o n s t a n t s  
( a )  i n  e q .  2 9 .  The c u r v e  o b t a i n e d  s u g g e s t s  t h e  f o l l o w i n g  
h y p e r b o l i c  r e l a t i o n : * - .
u
0
<p
Too
<pls£—)  ^ = K (3 1 )
w here  f  a n d  f  r e p r e s e n t  H / p ^ - 4  a t  L /D  a n d  i n f i n i t e  
l e n g t h  r e s p e c t i v e l y .  U s i n g  t h e  c o n s t a n t s  ( a )  i n  e q .  29 t h e  
f o l l o w i n g  v a l u e s  o f  K w ere  o b t a i n e d : -
ki/:D
T _
8
! K 2 . 7 9 2 . 9 6
16
2 . 7 5
27
2 . 7 8
36
2*845
K i s  p l o t t e d  a g a i n s t  L/D i n  f i g .  53 f ro m  w h ic h  i t  
can  be s e e n  t h a t  a c o n s t a n t  v a l u e  o f  2 . 8 5  may be  t a k e n .  
H e n c e : -
(
<P.... (pI CO
/octv
.) kj D 2  2 . 8 5
o r *P s ¥  ( 1 + 2*85  2  )I joo L 1
(3 2 )
(3 3 )
w h ic h  a p p l i e s  f o r  a n y  v a l u e  o f  L b e t w e e n  4 a n d  i n f i n i t y .
D
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  e q .  33 i s  s i m i l a r  t o  
e q .  28 s u g g e s t e d  b y  B o e l t e r ,  Young a n d  I v e r s e n  a n d  t h a t  
b o t h  a r e  o f  t h e  same fo rm  a s  L a t z k o ’ s t h e o r e t i c a l  e q . 2 6 ,  . K
i
b e i n g  e q u a l  t o  0 . 0 6 7  R4  i n  t h e  l a t t e r .  F o r  t h e  s a k e  o f
61
c o m p a r i s o n  t h e  e x p e r i m e n t a l  v a l u e s  o f  B o e l t e r  a n d  o f  t h e  
w r i t e r  a r e  shown b e lo w  w i t h  t h e  c o r r e s p o n d i n g  t h e o r e t i c a l  
ones  o f  L a tz k o . .
L a t z k o 1s t h e o r e t i c a l  
K = 0 . 0  67 R0 , 2 5
R e y n o ld s  Number j
5000 
} ♦ 563
17000 !. .................
0 .7 6 5
27000
0 * 8 6
_53° 0 0  1
i!1;
i
1 . 0 2  1
B o e l t e r ,  Young a n d  
l l v e r s e n  v a l u e s  ( a i r )
m m
1
1
1 . 4
iwr i t e r ’ s v a l u e s  I
. . .  ! 2 . 8 5! ( w a t e r )  :
' P L7  /  / / ' / / / /
G e n e r a l  E q u a t i o n  f o r  A v e r a g e  H e a t  T r a n s f e r .
Prom e q u a t i o n s  1 9 ,  20 a n d  33 t h e  f o l l o w i n g  g e n e r a l  e q u a t i o n s  
f o r  t h e  a v e r a g e  h e a t  t r a n s f e r  f o r  a n y  v a l u e  o f  L/D b e t w e e n  4 
and  i n f i n i t y  a r e  o b t a i n e d : -
0 . 8  0 . 4
N r  0 . 0 1 7 8  R P ( 1 + 2 . 8 5  D )  . . .  ( 34 )I) 4 L '
0 * 8  j l  juk* 0»14 
o r  N = 0 . 0 2 0 5  R P3  ( _ ------) ( 1 + 2 . 8 5  5  ) . . . . . . ( 3 5 )
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C h a p t e r  11 
COMPARISON OP NORMAL TURBULENCE RESULTS 
WITH PREVIOUS WORK'
1) Compar i s o n  w i t h  d a t a  f o r  h e a t i n g  w a t e r ,
The w r i t e r ’ s r e s u l t s  f o r  a t u b e  o f  i n f i n i t e  l e n g t h  
a r e  co m p a re d  w i t h  some o f  t h o s e  p r e v i o u s l y  o b t a i n e d  i n  f i g s .
54 a n d  5 5 .  I t  c a n  be  s e e n  t h a t  t h e y  a r e  i n  v e r y  good  a g r e e s ,  
ment  w i t h  G ope’ s d a t a  w h i c h  w ere  o b t a i n e d  u n d e r  c o n d i t i o n s  
s i m i l a r  t o  t h e  w r i t e r ’ s a n d  w h i c h  were  c o r r e c t e d  f o r  e n d  
c o n d u c t i o n .  F o r  c o m p a r i s o n  i t  was n e c e s s a r y  t o  r e - c a l c u l a t e
ri '
t h e  r e s u l t s  o b t a i n e d  b y  C ope '  a n d  t h e s e  a r e  g i v e n  i n  t a b l e  
1 6 . .
2) C o m p ar i so n  w i t h  d a t a  o b t a i n e d  b y  t h e  l o c a l  h e a t  t r a n s f e r  
m e t h o d .
The w r i t e r ’ s r e s u l t s  f o r  a t u b e  o f  i n f i n i t e  l e n g t h  
a r e  co m p a re d  w i t h  t h o s e  o f  C h o l l e t t e  a n d  t h o s e  o f  B o e l t e r ,  
Young a n d  I v e r s e n  f o r  h e a t i n g  a i r  i n  f i g . .  56 a n d  5 7 .  I n  
th e  o r i g i n a l  p a p e r s  C h o l l e t t e ’ s d a t a  a r e  g i v e n  i n  t h e  fo rm  
o f  S t a n t o n  num ber  w h i l e  B o e l t e r ’ s d a t a  a r e  g i v e n  i n  t h e  fo rm  
of  h e a t  t r a n s f e r  c o e f f i c i e n t s  c u r v e s .  The w r i t e r ,  t h e r e f o r e ,  
h ad  to  r e c a l c u l a t e  t h e i r  r e s u l t s  a n d  t h e s e  a r e  g i v e n  i n  t a b l e s  
17 a n d  1 8 .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  g o o d  a g r e e m e n t  b e t w e e n  
th e  a i r  d a t a  a n d  t h e  w r i t e r ’ s r e s u l t s ,  i n  s p i t e  o f  t h e  w i d e l y  
d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s  e m p lo y e d  i n  e a c h  c a s e  . I t
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C h a p t e r  12 
RESULTS OP SUPER TURBULENCE EXPERIMENTS
T he e f f e c t  of  t h e  s u p e r  t u r b u l e n c e  c a u s e d  b y  t h e  
f o l l o w i n g  i n l e t  c o n d i t i o n s  was i n v e s t i g a t e d
(1 )  9 0 °  a n g l e  b e n d  e n t r a n c e ,
( 2 ) S h a r p  edge  e n t r a n c e ,
(5 )  3 / 8  i n c h  o r i f i c e  e n t r a n c e ; -  ? t
. ( 4 )  J  I n c h  o r i f i c e  e n t r a n c e .  sr Jtr
The r e s u l t s  o b t a i n e d  a r e  g i v e n  i n  t a b l e s  19 ,  2 0 ,  21 and 
2 2  r e s p e c t i v e l y ,  •
W a l l  T e m p e r a t u r e  and  L o c a l  H e a t  T r a n s f e r .
The w a t e r  b u l k  t e m p e r a t u r e ,  t h e  t u b e  w a l l  t e m p e r a t u r e  
and t h e  l o c a l  h e a t  t r a n s f e r  ( i n  t h e  f o r m  of  S i e d e r  and  T a t e ’s 
p a r a m e t e r )  a r e  p l o t t e d  a g a i n s t  t u b e  l e n g t h  (L/D) i n  f i g u r e s  
58 ,  5 9 ,  60 a n d  6 1 .  I t  c a n  be  s e e n  t h a t t-
( a )  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  d o e s  n o t  a t t a i n  t h e  
f u l l y  d e v e l o p e d  c o n d i t i o n  b e f o r e  a c e r t a i n  L/D,  w h ic h  t h e  
w r i t e r  w i l l  c a l l  t h e  s u p e r  t u r b u l e n c e  c r i t i c a l  l / D  and  w h ic h  
i s  g i v e n  i n  t h e  f o l l o w i n g  t a b l e s
I n l e t  C o n d i t i o n ( L/D) C r i t i c a l
9 0 °  a n g l e  b en d  e n t r a n c e 14
S h a r p  ed g e  e n t r a n c e 8
3 / 8  i n c h  o r i f i c e  e n t r a n c e 14
i  i n c h  o r i f i c e  e n t r a n c e 14
I n  t h e  same way a s  w i t h  n o r m a l  t u r b u l e n c e ,  b u t  f o r  a n  
e n t i r e l y  d i f f e r e n t  r e a s o n ,  t h e  t u b e  w a l l  t e m p e r a t u r e  l i e s  '
if. 5  6 7 8  f  IO 12 Uf U  t 8  x t o o o
f t  — *xr &  f* co tis i s i  e n t  uni"f~ S
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65 v-v«
on a c u r v e  t h e  s l o p e  of  w h i c h  i s  d e c r e a s i n g  w i t h  L/D u n t i l  
t h e  c r i t i c a l  v a l u e  w h ere  t h e  s l o p e  becomes  c o n s t a n t  and  t h e  
w a l l  t e m p e r a t u r e  c u r v e  becom es  a s t r a i g h t  l i n e  p a r a l l e l  
t o  t h e  w a t e r  t e m p e r a t u r e  l i n e .
(b )  f o r  v a l u e s  of L/D l e s s  t h a n  t h e  c r i t i c a l  t h e  e f f e c t  
o f  s u p e r - t u r b u l e n c e  on t h e  h e a t  t r a n s f e r  i s  o b v i o u s .  The 
l o c a l  h e a t  t r a n s f e r  i s  n o t  c o n s t a n t  b u t  v a r i e s  f r o m  a c r o s s  
s e c t i o n  t o  a n o t h e r  a c c o r d i n g  t o  t h e  am ount  of  s u p e r - t u r b u l e n c e  
p r e s e n t .
( c )  F o r  v a l u e s  o f  L/D g r e a t e r  t h a n  t h e  c r i t i c a l  t h e  
l o c a l  h e a t  t r a n s f e r  i s  i n d e p e n d e n t  o f  L/D and  i s  c o n s t a n t .
R e l a t i o n  b e t w e e n  L o c a l  H e a t  T r a n s f e r  and  R e y n o l d s  N um ber .
The  l o c a l  h e a t  t r a n s f e r  a t  L /d  = 1 ,  3 ,  5 ,  7 and  L/D
c r i t i c a l
a s  t a k e n  f r o m  t h e  l o c a l  h e a t  t r a n s f e r  -  l e n g t h  c u r v e s ,  i s  
g i v e n  i n  t a b l e s  2 3 ,  2 4 ,  25 & 26 an d  p l o t t e d  a g a i n s t  R e y n o l d s  
number  i n  f i g s .  6 2 ,  63 ,  64 and  65 f o r  t h e  i n l e t  c o n d i t i o n s  
t e s t e d *  I t  c a n  be s e e n  t h a t s -
( a )  f o r  L/D ( L / D ) c r  t h e  l o c a l  h e a t  t r a n s f e r  i s  i n  
a g r e e m e n t  w i t h  t h e  n o r m a l  t u r b u l e n c e  h e a t  t r a n s f e r  f o r  a t u b e  
o f  i n f i n i t e  l e n g t h .
T h i s  p o i n t  i s  of  s p e c i a l  i n t e r e s t  i n r e s e a r c h  w o rk  s i n c e  
i t  means t h a t  w h a t e v e r  t h e  e n t r a n c e  t o  t h e  t u b e  may be  t h e  
h e a t  t r a n s f e r  f o r  a t u b e  o f  i n f i n i t e  l e n g t h  i s  s t i l l  o b t a i n ­
a b l e  i f  t h e  l o c a l  m ethod  i s  u s e d .
I n  t h e  a v e r a g e  h e a t  t r a n s f e r  m ethod  a l e n g t h  of  t h e
LoCAf
t
f- i  <jj.  ^6
o r d e r  o f  1 0 0  d i a m e t e r s  and a c a l m i n g  s e c t i o n  of  t h e  o r d e r  
of  30  t o  40 d i a m e t e r s  i s  n e c e s s a r y ,  w h e r e a s  i n  t h e  l o c a l  
m e thod  a l e n g t h  of o n l y  3 0 - 4 0  d i a m e t e r s  i s  r e q u i r e d ,  t h u s  
e f f e c t i n g  a s a v i n g  I n  s p a c e  and m a t e r i a l ,  n o t  t o  m e n t i o n  a 
f a r  g r e a t e r  f r e e d o m  f r o m  e r r o r s ,
(b )  f o r  L/D L/D c r i t i c a l ,  t h e  l o c a l  h e a t  t r a n s f e r  
I s  r e p r e s e n t e d  (on  l o g a r i t h m i c  p a p e r )  b y  a s t r a i g h t  l i n e  
p a r a l l e l  t o  t h a t  r e p r e s e n t i n g  t h e  h e a t  t r a n s f e r  f o r  L/D = 
i n f i n i t y .  T h i s  means t h a t  i t  c a n  be r e p r e s e n t e d  b y  a n  
e q u a t i o n  of  t h e  f o r m ;
v 0 , 1 4
( Nu )' L o c a l m r 0 * 8  P V 3 (;
t h e  c o n s t a n t  m d e p e n d i n g  on t h e  I n l e t  c o n d i t i o n  and  t h e  v a l u e  
of  L /D ,  I n  o t h e r  w ords  on t h e  am o u n t  o f  s u p e r  t u r b u l e n c e ,  
m, f o r  t h e  i n l e t  c o n d i t i o n s  i n v e s t i g a t e d  i s  g i v e n  i n  t h e  
f o l l o w i n g  t a b l e s -
m
l/ d *=i L/D =3 L/D = 5 L/D =7 ( L / D ) ot,
9 0 °  a n g l e  b e n d  e n t r a n c e  
S h a r p  ed g e  e n t r a n c e  
3 / 8  i n .  o r i f i c e  e n t r a n c e  
s I n .  o r i f i c e  e n t r a n c e
0 . 0 4 7  
0 , 0 5 0 5  
0 . 0 7 7 3  
0 . 0 6  -
0 . 0 3 1 8
0 , 0 3 0 8
0 . 0 4 3 7
0 . 0 4 2 1
0 . 0 2 5 5
0 . 0 2 3 4
0 . 0 3 0 9
0 .0 5 2 5
0 . 0 2 2 4
0 , 0 2 4 6  
0 . 0 2 7 4
0 . 0 2 0 5
0 . 0 2 0 5
0 . 0 2 0 5
0 . 0 2 0 5
'Aver  a p** H e a t  T r a n s f e r
P i g .  6 6  shows t h e  g e n e r a l  s h a p e  o f  t h e  l o c a l  h e a t  t r a n s f e r  -  
l e n g t h  c u r v e s .  I f  t h e  l o c a l  h e a t  t r a n s f e r  a t  L/D l / ^ c r
j  4  5  /  8  to /2  * 4  t £  tS X/ooo| Rzz -E* f*
I ■ *\ '
!  " ■'
j F i ^  ()~l C o e f f i c i e n t  o f  Increase o f  Hea^t
j ’
j 'Transfer rf*e to S o p er  Turbulence •
67
Ve q u a l  t o  T f t h e n  t h e  a v e r a g e  h e a t  t r a n s f e r  f o r  t h e  oo
l e n g t h  L/D may be  g i v e n  b y ; -
KjJ =* t h e  h a t c h e d  a r e a  + Y&o L/D
^  c r i t i c a l  ^ /D
T he  h a t c h e d  a r e a  m a y  be  c a l l e d  t h e  c o e f f i c i e n t  o f  
i n c r e a s e  of h e a t  t r a n s f e r  due  t o  s u p e r - t u r b u l e n c e  ( ,
Hence  ; -
Y o 0  L/ D  .................. . . . ( 3 9 )
l L/ D ^ c r i t i c a l  L/D
■°* Y t / n v = + —5 — 40)
'  ^  c r i t i c a l  L
E q ,  40  a p p e a r s  t o  t h e  w r i t e r  t o  be t h e  b e s t  f o r  r e p r e -  <, 
s e n t i n g  t h e  a v e r a g e  h e a t  t r a n s f e r  f o r  a n y  v a l u e  of  L/D g r e a t e r  
t h a n  t h e  c r i t i c a l .  I t  i s  o f  t h e  same f o r m  as  t h e  h y d r o d y n a m ic  
e q u a t i o n  f o r  t h e  a v e r a g e  c o e f f i c i e n t  of  f r i c t i o n ; -
f  = f  + K   , ( 4 1 )
- L' D ^ " c r i t i c a l  L
w here  f  and K a r e  t h e  c o e f f i c i e n t  o f  f r i c t i o n  a n d  t h e  
c o e f f i c i e n t  o f  e n t r a n c e  l o s s  r e s p e c t i v e l y .
T he  v a l u e s  of  j  , a s  o b t a i n e d  f r o m  t h e  l o c a l  h e a t  t r a n s
k
f e r - l e n g t h  c u r v e s ,  a r e  g i v e n  i n  t a b l e  2 7 ,  T h e y  a r e  p l o t t e d
a g a i n s t  R e y n o l d s  number i n  f i g .  67 f r o m  w h i c h  i t  can  be s e e n
t h a t  i s  n o t  c o n s t a n t  b u t  i s  a f u n c t i o n  o f  R e y n o l d s  number
0.8
and i s  p r o p o r t i o n a l  t o  R 5-
Y  ■= n R ° " 8    '..................    (42 )
k  '


The  c o n s t a n t  n. i n  e q ,  42 i s  g i v e n  i n  t h e  f o l l o w i n g  t a b l e  
f o r  t h e  i n l e t  c o n d i t i o n s  t e s t e d ? -
i n l e t  c o n d i t i o n n
9 0 °  a n g l e  b e n d 0 . 1 3 2
S h a r p  ed g e 0 . 1 2 4
5 / 8  i n c h  o r i f i c e . 0 , 2 5 8
j- i n c h  o r i f i c e 0 , 2 1 1
R e l a t i o n  b e t w e e n  t h e  h y d r a u l i c  l o s s  and t h e  i n c r e a s e  o f  h e a t  
t r a n s f e r  d u e  t o  . s u p e r  t u r b u l e n c e .
T h e  h y d r a u l i c  l o s s  c o e f f i c i e n t  K was c a l c u l a t e d  f r o m  t h e  
f o l l o w i n g  e q u a t i o n s
H = f'£X v / 2 g ............      (43)
V   -•
^ h e r e  H i s  t h e  l o s s  d u e  t o  s u p e r  t u r b u l e n c e  i n  f t .  o f  w a t e r .
T h e  r e s u l t s  o b t a i n e d  a r e  g i v e n  i n  t a b l e s  2 8 ,  2 9 ,  50  and  
31 a n d  p l o t t e d  a g a i n s t  R e y n o l d s  number  i n  f i g s . 6 8 . I t  c a n  be  
s e e n  t h a t  K i s  i n d e p e n d e n t  o f  R e y n o l d s  number  e x c e p t  i n  t h e  
c a s e  of  t h e  90 d e g .  b e n d  e n t r a n c e  w h e re  i t  t e n d s  t o  d e c r e a s e  
w i t h  R .
The  c o n s t a n t  n (  = V j /  R ° ’ 8 ) i n  e q .  42 i s  p l o t t e d  a g a i n s t  
K f o r  t h e ” c o n d i t i o n s  i n v e s t i f a t e d  i n  f i g .  6 9 .  The  v e r y  
i n t e r e s t i n g  f a c t  i s  n o t i c e d ?  t h e  g a i n  i n  h e a t  t r a n s f e r  i s  
n o t  p r o p o r t i o n a l  t o  t h e  l o s s  i n  e n e r g y  e x c e p t  f o r  t h e  f i r s t  
p a r t  o f  t h e  c u r v e .  When K e x c e e d s  1 ,  t h e  g a i n  i n  n  becom es  
l e s s  an d  l e s s  and  when K e x c e e d s  10 i t  i s  v e r y  s m a l l .
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EFFECTIVE REYN 0 IDS NUMBER
The g e n e r a l  s h a p e  of  t h e  ( s p h e r e  d r a g  c o e f f i c i e n t  
-  vs  -  R e y n o l d s  num ber)  c u r v e  i s .  shown i n  f i g *  7 0 .  When 
t h e  b o u n d a r y  l a y e r  c h a n g e s  f r o m  v i s c o u s  t o  t u r b u l e n t  a 
s u d d e n  d r o p  i n  t h e  d r a g  o c c u r s  due  t o  t h e  r e s i s t a n c e  o f  t h e  
t u r b u l e n t  b o u n d a r y  l a y e r  t o  s e p a r a t i o n *  I n  t h e  n o r m a l  
c o n d i t i o n s  t h i s  t a k e s  p l a c e  when R ,  b a s e d  on t h e  s p h e r e  ■ 
d i a m e t e r ,  i s  a b o u t  1 0 0 , 0 0 0 .  The p r e s e n c e  of  t u r b u l e n c e  
i n  t h e  m a in  s t r e a m ,  h o w e v e r ,  c a u s e s  a n  e a r l i e r  d r o p  i n  
t h e  d r a g .  The r e s u l t s  o f  e x p e r i m e n t s  c a r r i e d  o u t  i n  t h i s  
c o n n e c t i o n  a r e  g i v e n  i n  f i g .  71 .  T h e  i n t e r s e c t i o n s  of  
t h e ' l i n o s  w i t h  t h e  l i n e  o f  d r a g  c o e f f i c i e n t  (C^) ~ 0 , 3 0  
a r e  s o m e t im e s  t a k e n  a s  a m e a s u r e  o f  t h e  f r e e  s t r e a m  t u r ­
b u l e n c e ,  The  e s s e n t i a l  s i m i l a r i t y  of t h e s e  c u r v e s  was 
n o t e d  by  J a c o b s ,  who f o u n d  t h a t  t h e  c u r v e s  c o u l d  be  r e d u c e d  
t o  a s i n g l e  c u r v e  b y  m u l t i p l y i n g  t h e  R e y n o l d s  number f o r  
e a c h  c u r v e  by  a  t u r b u l e n c e  f a c t o r  F .^ s o  c h o s e n  a s  t o  make 
t h e  i n t e r s e c t i o n s  a t  = 0 , 3  c o i n c i d e .  The f a c t o r  F .^ 
i s  shown i n  f  i g ,  72 and  t h e  c u r v e s  t h u s  c o r r e c t e d  a r e  
shown i n  f i g .  7 3 ,  T he  p r o d u c t  F^R was c a l l e d  by  J a c o b s  t h e  
e f f e c t i v e  R e y n o l d s  number R ^ and  i s  w i d e l y  u s e d  i n  wind 
t u n n e l  e x p e r i m e n t s .
T he  l o c a l  h e a t  t r a n s f e r  c u r v e s ,  a s  shown i n  f i g s ,  6 2 ,  
6 3 ,  64 and 6 5 ,  a r c  r e p r e s e n t e d ,  on l o g a r i t h m i c  p a p e r ,  b y
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7 1
s t r a i g h t ’ l i n e s  p a r a l l e l  t o  e a c h  o t h e r .  They  c a n ,  t h e r e f o r e ,  
be r e d u c e d  t o  a s i n g l e  c u r v e  i n  t h e  same way m e n t i o n e d  a b o v e  
b y  m u l t i p l y i n g  t h e  R e y n o ld s  num ber  f o r  e a c h  c u r v e  b y  a s u p e r  
t u r b u l e n c e  f a c t o r  F t  s c  c h o s e n  a s  t o  make a l l  t h e  c u r v e s  
c o i n c i d e  w i t h  t h e  n o r m a l  t u r b u l e n c e  c u r v e  ( F t  * 1 ) .  I f  t h e  
l o c a l  h e a t  t r a n s f e r  i s  p l o t t e d  a g a i n s t  t h e  e f f e c t i v e  R e y n o ld s  
num ber  a s i n g l e '  c u r v e  w i l l  be  o b t a i n e d  t h e  e q u a t i o n  o f  w h ic h  
i s  s -
n ft N 0 • 14
N. = 0 . 0 2 0 5  (R F t )  ** ( _ i ------)  (4 4 )
L e a . .,-y .
w h ic h  i s  t h e  same a s  t h e  n o r m a l  t u r b u l e n c e  h e a t  t r a n s f e r  
e q u a t i o n  f o r  L /D  a i n f i n i t y  ( e q .  1 9 )  b u t  w i t h  Re « R F^ 
t a k i n g  t h e  p l a c e  o f  R.
The s u p e r  t u r b u l e n c e  l o c a l  h e a t  t r a n s f e r  a t  L /D -
1,  3 ,  5 a n d  7 i s  p l o t t e d  a g a i n s t  t h e  e f f e c t i v e  R e y n o ld s  num ber  
f o r  t h e  i n l e t  c o n d i t i o n s  i n v e s t i g a t e d  i n  f i g s . 7 4 ,  7 5 ,  7 6  a n d  
7 7 .
The e f f e c t i v e  R e y n o ld s  num ber  p r o v i d e s  a means f o r  
m e a s u r i n g  t h e  l o c a l  s u p e r - t u r b u l e n c e  a n d  may be f o u n d  u s e f u l  
i n  t h e  c a s e  o f  l i q u i d s  w h ere  t h e  h o t  w i r e  m e th o d  h a s  n o t  
b e e n  v e r y  s u c c e s s f u l .
72
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S U M M. A R Y.
N orm al  T u r b u l e n c e  ( z e r o  s u p e r  t u r b u l e n c e )
(1 )  N e a r l y  a l l  t h e  w ork  p r e v i o u s l y  done on h e a t  t r a n s f e r  
f ro m  t u b e s  t o  f l u i d s  f l o w i n g  i n  them was o b t a i n e d  b y  
t h e  a v e r a g e  h e a t  t r a n s f e r  m e t h o d ,  a m e th o d  w h i c h  i s  
s u b j e c t e d  t o  one  o r  more o f  t h e  f o l l o w i n g  c a u s e s  o f  
e r r o r ; -
( a )  s u p e r  t u r b u l e n c e  ,
(b )  e f f e c t  o f  u n h e a t e d  p a r t s  ,
( c )  i n l e t  e n d  t h e r m a l  e f f e c t .
The l o c a l  h e a t  t r a n s f e r  m e t h o d  i s ,  h o w e v e r ,  f r e e  f rom  
t h e s e  e r r o r s  . . * .
(2 )  L o c a l  b o i l i n g  c an  be a s o u r c e  o f  s e r i o u s  e r r o r  a n d  h a s
t o  be  a v o i d e d  i f  r e l i a b l e  r e s u l t s  a r e  t o  be o b t a i n e d .
(3 )  The h e a t  t r a n s f e r  f o r  a t u b e  o f  i n f i n i t e  l e n g t h  was
. o b t a i n e d  f o r  w a t e r  u s i n g  t h e  l o c a l  m e th o d  b e t w e e n
R s 5000 a n d  R e 1 7 0 0 0 .  I t  was f o u n d  t o  b e  2 2 . 5 $  a n d  
24$  l o w e r  t h a n  e q u a t i o n s  ( 2 )  a n d  ( 4 )  r e s p e c t i v e l y .
The r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  C o p e ’ s d a t a  f o r  
h e a t i n g  w a t e r ,  a n d  w i t h  t h e  d a t a  f o r  h e a t i n g  a i r  
r e c e n t l y  o b t a i n e d  b y  C h o l l e t ^ e  a n d  b y  B o e l t e r ,  Young 
a n d  i v e r s e n  u s i n g  t h e  l o c a l  h e a t  t r a n s f e r  m e t h o d .
( 4 )  The i n l e t  e n d  t h e r m a l  e f f e c t ,  as  shown b y  t h e  t u b e  w a l l  
t e m p e r a t u r e ,  was p r e s e n t  u n t i l  L /D was e q u a l  t o  1 2 .
7 3
An e q u a t i o n  o f  t h e  N u s s e l t f s fo rm
S u  :  a H1  P r 7 ( S  ) Z 
L
c o u l d  h o t  r e p r e s e n t  t h e  r e s u l t s  o f  t h e  a v e r a g e  h e a t  
t r a n s f e r  f o r  a l l  v a l u e s  o f  L / D . • The f o l l o w i n g  e q u a t i o n  
was f o u n d  t o  . r e p r e s e n t  t h e  w r i t e r 1s r e s u l t s  b e t w e e n  
L/D = 4 a n d  L/D * <^0
l e n g t h  a n d  It i s  a c o n s t a n t .  K was f o u n d  t o  be 2 * 8 5 .
( 5 )  Owing t o  t h e  s m a l l  r i s e  i n  t e m p e r a t u r e , t h e  h e a t  t r a n s ­
f e r  c o e f f i c i e n t s  o f  f r i c t i o n  were  i d e n t i c a l  w i t h  t h e  
i s o t h e r m a l  o n e s ,  b o t h  b e i n g  i n  a g r e e m e n t  w i t h  B l a s i u s  
e q u a t i o n  f o r  s m o o th  p i p e s .
S u p e r  t u r b u l e n c e .
( 1 )  The e f f e c t  o f  d i f f e r e n t  i n l e t -  c o n d i t i o n s  was i n v e s t i ­
g a t e d .  I t  was f o u n d  t h a t  t h e  l o c a l  h e a t  t r a n s f e r
i n c r e a s e d  w i t h  s u p e r  t u r b u l e n c e  a n d  d e c r e a s e d - a s  t h e  
l a t t e r  was g r a d u a l l y  d i s s i p a t e d .  A f t e r  a c e r t a i n  L/D
. i t  was e q u a l  t o  t h e  n o r m a l .
( 2 )  The l o c a l  h e a t  t r a n s f e r  a t  a n y  c r o s s  s e c t i o n  c o u l d  be
r e p r e s e n t e d  b y  an  e q u a t i o n  o f  t h e  f o r m ;
( i  + I E )
L
w here i s  t h e  h e a t  t r a n s f e r  f o r  a t u b e  o f  i n f i n i t e
Hu = a R Pr  ( 
L o c a l
0 . 8  4- \ 0 . 1 4
w here  t h e  c o n s t a n t  a d e p e n d s  on t h e  amount  o f  s u p e r  
t u r b u l e n c e .
(3 )  An e q u a t i o n  o f  t h e  f o l l o w i n g  fo rm  i s  s u g g e s t e d . t o  
r e p r e s e n t  t h e  a v e r a g e  h e a t  t r a n s f e r  f o r  a n y  v a l u e  o f  
L/D above  t h e  c r i t i c a l  •
V> ■' YUr oO
w here  ^  i s  t h e  c o e f f i c i e n t  o f  i n c r e a s e  o f  h e a t
t r a n s f e r  due t o  s u p e r - t u r b u l e n c e  , ' was f o u n d  t o  be j
a f u n c t i o n  .of R e y n o ld s  n u m b e r .  j
( 4 )  The r e l a t i o n  b e t w e e n  t h e  i n c r e a s e  i n  h e a t  t r a n s f e r  due
i
t o  s u p e r  t u r b u l e n c e  a n d  t h e  h y d r a u l i c  l o s s  c o e f f i c i e n t  j
K show ed  t h a t  t h e  r e l a t i v e  g a i n  i n  h e a t  t r a n s f e r *  I
d e c r e a s e d  w i t h  t h e  i n c r e a s e  o f  K. . J
(5 )  The l o c a l  h e a t  t r a n s f e r  a t  a l l  c r o s s - s e c t i o n s  c o u l d  be 
b r o u g h t  t o g e t h e r  b y  p l o t t i n g  them a g a i n s t  t h e  e f f e c t i v e  
R e y n o l d s  num ber  i n s t e a d  o f  t h e  t r u e  R e y n o ld s  n u m b e r .  I
The e f f e c t i v e  R e y n o ld s  number  Rq s R F t  wk©1*® i s  a  t u r b u l e n t  ! 
f a c t o r  d e p e n d i n g  on t h e  amount  o f  s u p e r  t u r b u l e n c e  a t  j
t h e  c r o s s - s e c t i o n  c o n s i d e r e d  a n d  shown t a b u l a t e d  b e l o w ; -
I n l e t  C o n d i t i o n
R ^  a t  L/D b
_________
1 3 5 7 to
f .  i n .  O r i f i c e . 5 .3 7 2 . 6 4 1 . 7 1 . 2 7 1
i  i n .  O r i f i c e . 3 . 9 3 2 . 4 9 1 . 8 1 .45 1
90° a n g l e  b e n d 2 . 8 1 . 7 4 1 . 3 2 1 . 1 2 1  •
S h a r p  ed g e 3 . 1 1 . 6 7 1 . 1 8 -------- 1
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A p p l i c a t i o n  o f  R e s u l t s  t o  t h e  Case o f  
a C o n d e n s e r .
The i n c r e a s e  i n  t h e  a v e r a g e  h e a t  t r a n s f e r  due 
t o  t h e  s u p e r  t u r b u l e n c e  c a u s e d  b y  t h e  i n l e t  t o  a t u b e  ca n  
be c a l c u l a t e d ,  u s i n g  f i g .  69, i f  t h e  i n l e t  l o s s  c o e f f i c i e n t  
was a v a i l a b l e .  As an  exam ple  t h e  c a s e  o f  a s u r f a c e  c o n ­
d e n s e r  w i l l  be d e a l t  w i t h *
l a
I n  1 9 1 9 ,  de B a u f r e  a n d  S t u a r t  e x p e r i m e n t e d  w i t h  
a -§ i n c h  o . d , ,  18 s * w .g . ,  t u b e  u s i n g  a s i m p l e  s i n g l e  p a s s ,  
s i n g l e  t u b e ,  c o n d e n s e r  t h e  w a t e r  b o x e s  o f  w h i c h  w ere  made 
o f  3 i n c h  i r o n  p i p e  . S h a r p  edge  f e r r u l e s  w ere  f i t t e d  t o  
t h e  t u b e  a t  b o t h  e n d s  a n d  t h e  e x p e r i m e n t s  w ere  c a r r i e d  a t  
d i f f e r e n t  t e m p e r a t u r e s  a n d  v e l o c i t i e s .  The i n l e t  a n d  
o u t l e t  l o s s  c o e f f i c i e n t  was f o u n d  t o  be  i n d e p e n d e n t  o f  t h e  
m a g n i t u d e  o f  t h e  v e l o c i t y  b u t  i t  v a r i e d  w i t h  t h e  t e m p e r a ­
t u r e  i n  t h e  f o l l o w i n g  m a n n e r ? -
Kt
1 , 8 3
1 . 6 5 5  
1 . 6 1  
1  *535 
1 . 4 9
Temp. 
85 
100 
130 
160 
190
2a
I n  1 9 3 4 ,  Guy a n d  W i n s t a n l e y  e x p e r i m e n t e d  w i t h  
d i f f e r e n t  i n l e t  a n d  o u t l e t  c o n d i t i o n s  u s i n g  f- a n d  1  i n o h  
o » d . ,  I Q . s . w . g . ,  t u b e s .  They f o u n d  t h a t  t h e  d i a m e t e r  
h a d  no a p p r e c i a b l e  e f f e c t  a n d  s u g g e s t e d  t h e  f o l l o w i n g  
c o e f f i c i e n t s  f o r  b o t h  t u b e s ; -
M eth o d  o f  f i x i n g  t u b e s
F e r r u l e s  b o t h  ends  1 . 5
( I n l e t  e x p a n d e d  a n d  b e l l  
( 1 . 2 5
( m o u t h e d ,  o u t l e t  f e r r u l e d
( i n l e t  e x p a n d e d  an d  b e l l  
(
( m o u t h e d ,  o u t l e t  e x p a n d e d  1 * 0 0
The f e r r u l e s  u s e d  w ere  a c c o r d i n g  t o  t h e  B r i t i s h  
S t a n d a r d  S p e c i f i c a t i o n s .
The d a t a  o f  t h e s e  i n v e s t i g a t o r s ,  h o w e v e r ,  do n o t  
t h ro w  a n y  l i g h t  on  t h e  m a g n i t u d e  o f  t h e  i n l e t  l o s s  w h ic h  
i s  t h e  l o s s  r e s p o n s i b l e  f o r  t h e  i n c r e a s e  I n  h e a t  t r a n s f e r .
I n  t h e  e x p e r i m e n t s  c a r r i e d  o u t  b y  t h e  w r i t e r ,  w h ic h
w ere  m e n t i o n e d  i n  t h e  I n t r o d u c t i o n ,  t h e  i n l e t  a n d  o u t l e t
l o s s e s  w ere  m e a s u r e d  s e p a r a t e l y .  A s i m p l e  e x p e r i m e n t a l  
c o n d e n s e r ,  w i t h  w a t e r  b o x e s  made o f  6  i n c h  i r o n  p i p e ,  
was u s e d ,  t h e  t u b e  b e i n g  a new 0 * 7 5  i n c h  o d d . ,  I 8 . s . w „ g ,  
o n e .  P e i z o m e t e r  t u b e s  w ere  c o n n e c t e d  t o  t h e  i n l e t  a n d
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o u t l e t  b o x e s  a n d  t o  s i x  . p o i n t s  a l o n g  t h e  t u b e  a t  2 ,  4 ,
8 , 12 a n d  20 i n c h e s  f ro m  t h e  i n l e t  e n d  ( f i g .  7 9 ) .  The 
p r e s s u r e  l i n e  c o u l d ,  t h e r e f o r e ,  be  d raw n a n d  t h e  i n l e t  
l o s s  d e t e r m i n e d .  From t h e  t o t a l  l o s s ,  as  m e a s u r e d  b e ­
tw e e n  t h e  w a t e r  b o x e s ,  t h e  i n l e t  l o s s  a n d  t h e  t u b e
y*
f r i c t i o n  t h e  o u t l e t  l o s s  c o u l d  a l s o  be known.  U s in g  
t h e  e q u a t i o n s
h  = K - —
2 g
w here  h  i s  t h e  h e a d  l o s t  i n  f e e t ,  t h e  c o e f f i c i e n t s  o f  
i n l e t ,  o u t l e t  a n d  t o t a l  l o s s e s  (K^,  K0  a n d  K^) were  
d e t e r m i n e d .
I n l e t  L o s s e s
The f o l l o w i n g  i n l e t  c o n d i t i o n s  w ere  t e s t e d  ( f i g . 8 0 ) ;
( 1 ) S q u a r e  c o r n e r e d  f e r r u l e  p r o j e c t i n g
1
2 i n . ,  expans ion  gap fr£_ i n16
( 2 ) » " 11 f l u s h « 11 ?! HJ
(3 ) S h a r p  e d g e  f e r r u l e  p r o j e c t i n g 12 ?! I! ?! ?!J -U  .  ,
( 4 ) » « 11 f l u s h n ?? ?? ?!?
( 5 ) 9 0 °  f e r r u l e  p r o j e c t i n g  i  i n . Si ii 5? i?s
( 6 ) B . S .  f e r r u l e  ■ ” 11 " ?! ?? ?! 119
( 7 ) "  f l u s h ?! 11 U !!9
( 8 ) ?! n i? , no e x p a n s i o n  g a p .
( 9 )
X X
E x p a n d e d  a n d  b e l l  m o u th e d  t u b e ,
h T h i s  was d e t e r m i n e d  b y  a s e p a r a t e  t e s t .  The r e s u l t s  w ere  
f o u n d  to  a g r e e  w i t h  t h o s e  o f  s m o o th  t u b e s ,  
x x  T h i s  does  n o t  come u n d e r  t h e  s u p e r - t u r b u l e n c e  c o n d i t i o n .
F 0  - 81 I n / e f  L o S S e s  .
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The r e s u l t s  o b t a i n e d  a r e  shown i n  f i g s . 8 1 ,  82
2a n d  83 as  h ^  a g a i n s t  v ,  h .  a g a i n s t  v , a n d  K, a g a i n s t
■L J-.
R r e s p e c t i v e l y .  I t  c a n  be  s e e n  t h a t  Kj , f o r  t h e  r a n g e  
o f  R c o v e r e d  b y  t h e  e x p e r i m e n t s  ( 1 0 , 0 0 0 ’ t o ‘3 0 , 0 0 0 ) ,  i s  
i n d e p e n d e n t  o f  R a n d  e q u a l  t o
C o n d i t i o n  N o . 1 2 3 4 5 6  7 8  9
%  0 . 9  0 . 9  0*727  0 . 6 6 5  0 . 4 1  0 . 3 0 5  0*285  0 . 1 8 7  0 . 0 4
I n c r e a s e ^  i n  H e a t  Tr a n s f e r .
U s i n g  f i g i 69 ,  t h e  i n c r e a s e  I n  t h e  a v e r a g e  h e a t  
t r a n s f e r  c a n  now be  d e t e r m i n e d .  The v a l u e s  o f
Y k / R°
f o r  t h e  c o n d i t i o n s  t e s t e d  a r e  g i v e n  i n  t h e  f o l l o w i n g  t a b l e :  
C o n d i t i o n  No. .  1 2 3 4 ■ .5 6  7 8
K i 0 . 9  0 . 9  0 . 7 2 7  0 . 6 6 5  0 . 4 1  Q .305  0 . 2 8 5  0 . 1 8 7
Y k / R ° / S 0 . 0 9 6  0 . 0 9 6  0 . 0 8 2  0 . 0 7 4  0 .0 5 2  0 .0 4 2  0 . 0 4  0 . 0 1 7
F o r  a 6  f t .  c o n d e n s e r  f i t t e d  w i t h  3 . S .  f e r r u l e s  as--
i n  c o n d i t i o n  N o . 6 , a n d  0 . 7 5  I n c h  o . d . ? 18 s . w . g , ,  t u b e s  t h e
i n c r e a s e  i n  h e a t  t r a n s f e r  i s  o n l y  1 * 8 7 ^  w h i l e  f o r  a 1 0  f t .
c o n d e n s e r  I t  i s  o n l y  1*12% . T h i s  a g r e e s  w i t h  t h e  r e s u l t s
3a
o f  L a w re n c e  a n d  S h e rw o o d  who f o u n d  t h a t  t h e  a v e r a g e  h e a t  
t r a n s f e r  f o r  d i f f e r e n t  l e n g t h s  o f  c o n d e n s e r  tube- ( v a r y i n g  f ro m  
5 9  t o  224 d i a m e t e r s )  was t h e  same w i t h  a f e r r u l e  a t  i n l e t .
O t h e r  Res u l t s  o f  t h e  Conde n s e r  Tube  Experiments^o^
A l t h o u g h  t h e  f o l l o w i n g  r e s u l t s  a r e  o f  h y d r a u l i c
F>'j. 24. Ovf/e4
vt! | o  T a p e r e d  D i v e r j e n i  Ferru/e , T  E x p a n s i o n  G * fz  
B e / / -  M o u + h e d  F e r .  F /u s k  j g
^  I 0  ' EL x p a n d e d  'Tube. •
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. i n t e r e s t  o n l y ,  t h e y  a r e  g i v e n  h e r e  b e c a u s e  t h e y  may be 
f o u n d  u s e f u l  i n  t h e  c a l c u l a t i o n s  o f  h y d r a u l i c  l o s s e s  i n  
c o n d e n s e r s ,
O u t l e t  l o s s e s , „
The f o l l o w i n g  o u t l e t  c o n d i t i o n s  w ere  t e s t e d  ( f i g . 8 0 )%
1 )  S q u a r e  c o r n e r e d  f e r r u l e  p r o j e c t i n g  i n . ,  e x p a n s i o n  gap  3 ±n .
16
2 ) 5? « 51 f l u s h  51 " Si «■
3) S h a r p  ed g e  f e r r u l e  p r o j e c t i n g  -J- i n . .  , u w- H n
4) » n 11 f l u s h  , » » "
5) BtS* f e r r u l e  p r o j e c t i n g  - ^  i n .  . , u n ; w !!
6 ) ” -H f l u s h  , » ” 5? ;«
7)  E x p a n d e d  t u b e .
The r e s u l t s  o b t a i n e d  a r e  shown i n  f i g s .  8 4 ,  85 a n d  8 6 ,
2
a s  h^  a g a i n s t  v , h Q a g a i n s t  v a n d  K0  a g a i n s t  R r e s p e c t ­
i v e l y ,  Kq d i d  n o t  show a n y  v a r i a t i o n  w i t h  R a n d  i t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t j -
1) T h e r e  i s  no d i f f e r e n c e  b e t w e e n  t h e  l o s s e s  c a u s e d  
b y  t h e  s h a r p  ed g e  a n d  t h e  B . S .  f e r r u l e s .
2) P r o j e c t i n g  f e r r u l e s  show t h e  same r e s i s t a n c e  a s  
f l u s h  o n e s .
3)  The e x p a n d e d  t u b e  shows a much l e s s  r e s i s t a n c e  
t h a n  t h e  f e r r u l e s . \ t i e n  t h e  f o r m e r  was e x a m in e d  
u n d e r  a m i c r o m e t e r  p r o j e c t i n g  m a c h in e  t h e  r e a s o n  was 
d i s c o v e r e d ;  t h e  b o r e ,  a s  a r e s u l t  o f  t h e  e x p a n d i n g  
p r o c e s s ,  was i n  t h e  fo rm  o f  a s t r a i g h t  t a p e r  w i t h  a 
cone  a n g l e  o f  2 ° 10* 4 0 w.
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The f o l l o w i n g  tab le -  g i v e s  K0  f o r  t h e  c o n d i t i o n s  
t e s t e d  • -
C o n d i t i o n  No. 1 2 - 3  4 - 5 6  7
K0  1 . 7 3  1*73 1 , 0 1 5  1#015  1 . 0 1 5  1*015  0 , 7 9 2
T o t a 1 Los s e s s -
The t o t a l  l e s s  c o e f f i c i e n t  can  now be d e t e r m i n e d  
f o r  a n y  m e t h o d  o f  t u b e  f i x i n g .
K t  = Kj + 
a n d  = K-fc v 2 / 2 g
New F e r r u l e s  s -
I n  s p i t e  o f  t h e  f a c t  t h a t  t h e  e x p a n d e d  a n d  b e l l  
m o u th e d  t u b e  shows t h e  l e a s t  h y d r a u l i c  r e s i s t a n c e  t h e  
- f e r r u l e d  t u b e  h a s  many a d v a n t a g e s  a n d  i s  s t i l l  p o p u l a r  
e v e n  i n  t h e  m o d ern  p o w er  s t a t i o n .  Two new f e r r u l e s  h a v e  
t h e r e f o r e  b e e n  t e s t e d  :~
( a )  a b e l l  m o u th e d  one a t  t h e  i n l e t  s i d e ,  ' ( f i g  8 0 L)
(b )  a n d  a d i v e r g e n t  one a t  t h e  o u t l e t  s i d e .  ( f i g . 8 0 D )  
.The b e l l  m o u th e d  f e r r u l e  ( w i t h  no e x p a n s i o n  gap)
gave  a n  i n l e t  l o s s  c o e f f i c i e n t  o f . 0 * 1 2 .  The d i v e r g e n t  
f e r r u l e  ( w i t h  a n  e x p a n s i o n  gap  o f  -J- i n . )  gave  an  o u t l e t  
l o s s  c o e f f i c i e n t  o f  0 . 6 3 ,  F o r  a t u b e  f i t t e d  w i t h  s u c h  
f e r r u l e s  t h e  t o t a l  l o s s  c o e f f i c i e n t  K-fc i s  0 , 7 5  a n d  t h e  
i n l e t  a n d  o u t l e t  l o s s  i s  o n l y  57$  o f  t h a t  c a u s e d  b y  t h e
common B* S .  f e r r u l e s  a t  b o t h  s i d e s ,  a c o n d i t i o n  f o r  w h ic h  
i s  1 . 3 2 .
F o r  a 10 f t .  s i n g l e  p a s s  c o n d e n s e r  f i t t e d  w i t h  
-§• i n . ,  1 8 .  s . w . g , ,  t u b e s  t h e  i n l e t  a n d  o u t l e t  l o s s e s  a r e
. 3?
1 7 , 4 ^  o f  t h e  w h o le  l o s s  i n s i d e  t h e  c o n d e n s e r  when B .S .  
f e r r u l e s  a r e  u s e d  a t  b o t h  s i d e s .  W i th  t h e  new f e r r u l e s ,  
h o w e v e r ,  t h e  i n l e t  a n d  o u t l e t  l o s s  i s  o n l y  1 0 . 7 ^  o f  t h e  
w h o le  l o s s  o
h The w a t e r  b o x  l o s s  i s  t a k e n  as  1 f t . o f  w a t e r  a n d  t h e  
f r i c t i o n  l o s s  i s  c a l c u l a t e d  a s s u m i n g  t h e  t u b e  t o  be a 
s m o o th  o n e .
Tatoie Ho.  1
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D a t a  o f  c l e m e n t  a n d  G a r l a n d  f o r  H e a t i n g  W a t e r ,
Run No. Nu Pr N / P r ° ' k  R t s  °P  Remarks
1  I4 . 5 3  7 . 5  2 0 l+ 1 2 2 5 0 0  l k 6
2 3B6 7 .0 5  165 925OO 167
5  k-ii 7 . 2  1 8 7  1 1 0 0 0 0  1 5 7
k  5 5 8  6 . 9  1 5 8  77GOO 1 7 0
5  3 0 0  6 . 7  1 3 9 . 8  8 2 2 0 0  1 7 7
6  2 7 k  6 . 3  1 3 1  ) + 8 3 0 0  1 8 2
7  2 0 2  5  1 0 8  30000  2 1 1
8  2 1 3  5 . 5  1 0 8  3 6 5 0 0  S 0 2
9  1 8 7  4 . 3  101+.7 2 1 7 0 0  219 L .B .
10 178 3 . 9  IO 3 . 5  I 8 6 5 O 221+ L .B .
1  i+ko 6 . 2  2 1 1 . 5  1 I+ 9 0 0 0  1 7 6
2 1+21+ 6 . 1 5  2 0 5  1 3 0 8 0 0  176
3  3 8 2  5 . 9  1 8 8  1 0 1 0 0 0  1 8 9
1+ 2 9 1  5 . 7  l l + 5  1 + 8 6 0 0  2 1 0
5 27 1 5 .3  139 1+0300 217 L .B .
6  21+1+ ■ 4 - 9  1 2 9 . 2  33L+00 22i+ L .B .
7  2 3 I+ 1+.2 1 3  2  261+00 2 3 2  L .B .
1  595 7 273 1 29800  1 6 5
2  5 0 3  6 . 8  2 3 I+ 1 0 9 3 0 0  177
l+l+l 6 . 1+ 2 1 0  8 1 + 1 0 0  1 8 5
3 8 !+ 6 . 1  1 8 6 . 8  . 6 8 0 0 0  1 9 7
5  2 8 k  5 . 2  lk 7  k l 8 0 0  2 2 0  L .B .
6 2 7 0  k  1 5 k - 5  2 8 k o o  2 3 k  l . b ,
L*B, a L o c a l  B o i l i n g
T a b le  No,  2
D a t a  o f  L a w ren ce  & Sherw ood f o r  H e a t i n g  W a te r
Run N 0 . Nu Pr n/ pP ' ^ R M a x . t s  op Remarks
I 
i
2 7
2 8
2 9  
50
3 1
32
3 3  
3 5
" 3 8
59
Ito
41
42
4;
45
1l6
U. 8
49
5 0  
82
53
54
55
'345
4 1 1
4 i 8
3 8 5
315
3 3 8
2 7 8
2 1 1
1 7 7
97
1 0 7 .5  
1 6 7
94
2 3 7 .5
25 9 .5  
1 0 2
94
95-6
1 6 3
1 5 8
1 3 k
2 3 8
2 7 2
2 8 9
3 2 1
390
353
£ 5 - 3  
6 1 . 8
7 . 8 1
8. 2
7 -75
7 - 5
7 - 1
7 . 2
6 . 7 5  
6 ,1  
0 5
4 -53
5-75  
3 - 4  
| - 5
4 I 2 5
5 ^ 9
2 . 1 7  
2 . 4 3
4 .1 7
2 . 3 4
2 . 3 li.
2 . 5 2
2 . 5 3
2  • 2 o
2 . 5
2.fe
2 . 7
1 5 1 . 5  
1 7 7  
1 8 4  
1 7 2
1 4 3 . 5
1 5 3
1 2 9 . 2
1 0 2 . 5
9 2 . 6
5 5 . 8
5 8 . 8
8 3
5 4 . 5
1 1 2
1 2 0
5 7 . 1
5 7
5 8
1 1 .9 . 5
1 1 0 . 8
7 5 . 7
1 6 9 . 1
1 9 3 . 2  
2 0 6  
2 2 9  
2 8 0  
2 5 3
. 4
1-5
6 5 0 0 0
8 0 6 0 0
7 2 8 0 0
6 7 5 0 0
5 3 5 0 0
57500
4 7 0 0 0
3 0 5 0 0
1 7 1 0 0
9330
1 2 8 0 0
2 5 0 0 0
4 . 6 5 0
3 7 9 0 0
4 3 1 0 0
1 1 8 0 0
6 5 3 0
6 5 5 0
4 i 4 oo
37500
2 1 2 0 0
6 7 0 0 0
8 3 5 0 0
9 5 2 0 0
1 0 8 0 0 0
1 3 9 5 0 0
1 2 4 0 0 0
1 7 6 5 0
1 0 8 0 0
1 6 1 . 6
1 4 7 . 2  
i 4 ? . i
1 5 6 . 3
1 6 4 . 2
1 5 6 . 2  
. 1 6 5 , 7
1 8 3 . 7  
199
2 1 3 . 1
2 0 6 . 2
1 8 9 . 5
2 1 6 . 6  
174
1 7 0 . 5
2 0 9 . 1  
2 1 5  
2 1 5  
2i 4 - 4
2 1 2 . 3
2 0 2 .4
2 0 9 . 6  
2 0 9
2 0 8 . 4
2 0 8 . 2  
2 0 6 . 1
2 0 5 . 8
2 1 6 . 7
2 1 6 . 8
L .B .
L .B .
L .B .
L .B .
L .B .
L 0 B *
L.B
L.B
L /B  « L o c a l  B o i l i n g
T a b le  No0 J
C a l i b r a t i o n o f  V e l o c i t y  M e te r
“t e r  R e a d in g  W e ig h t  o f  -W a te r  
i n c h e s  s t o n e s
Time . 
s e c  .
V e l o c i t y  
f t / s e c .
3 , 0 2 3 6 . 5 1 . 2 3 7
3 , 4 6 2 2 1 1 . 3 2 2
4 . 7 0 187 1 . 5 6 5
6 . 3 4  ' 162 . 1 . 8 0 5
7 . 3 1 5 1 . 5
% 1 . 9 3
■ •
8 . 3 6 1 4 1 , 5 2 . 0 6 5
9 . 6 132 2 . 2 1 5
1 1 . 1 ' 1 2 2 2 . 3 9 5
1 2 . 5  . 1 1 4 . 8 • 2 . 5 5
1 4 1 0 8 . 2 2 . 7
1 5 . 8 103 2 . 8 4
1 7 . 1 9 8 . 5 2  .97
18 .9
.
.
9 4 . 2  . 3 . 1 0 5
2 0  . 6 5 9 0 . 2 3 , 2 4
2 2 . 5 2 8 6 , 5 3 .3 8
24 8 3 . 5 3 , 5 1
25..7 8 0  .5 3 , 6 3 5
2 7 . 3 7 8 . 5 3 , 7 3
2 9 . 2 7 5 . 5 3 . 8 7 5
30 .4 74 3 . 9 5 5
3 2 . 0 5 72 ' 4 . 0 6
T a b le  No . I4. 
C a l i b r a t i o n  o f  V o l t m e t e r .
V o l t m e t e r  * _______1 -
R e a d i n g  . 6 V Range 150 V Range ■ 300 V Range
10 0 . 3 8 4 4  9 . 4 5  1 8 . 8 8
20 0 ,7870 .  1 9 . 6 0  3 8 . 5 5
. 3 0  1 . 1 8 2 4  2 8 . 9 4  5 7 , 8 5
40 1 .5 7 4 0  3 8 , 6 2  7 7 . 6 3
50 1 . 9 7 1 0  4 8 . 3 2  9 6 , 8 4
60 2 . 3 7 6  5 8 .2 3  • 1 1 6 .3 8
70 2 . 7 7 1 6  6 7 .9 2  1 3 5 .9 1
7 5  2 . 9 7 8 4  —
80 3 . 1 7 2 4  7 7 . 6 8
90 3 . 5 7 6 4  8 7 . 5 8  1 7 4 .8 1
95 - - - - - -  1 8 5 . 2 2
100 3 , 9 6 5  9 7 . 4 2  1 9 4 .9 0
110 4 . 3 7 0  1 0 7 .3 9  2 1 4 . 5 4
120 4 . 7 7 4  . 1 1 6 . 8 6
130 5 . 1 7 4  1 2 6 .8 0
140 5 . 5 6 6  1 3 6 .5 1
150 5 . 9 6 5  1 4 6 . 4 2
T a b le  No < 5  
C a l i b r a t i o n  o f  Am m eter .
R e a d i n g  o f  Ammeter  C o r r e c t  Amps ,
5 0 . 2 3 0
10 0 . 5 0 2
20 1 . 0 3 2
30 1 . 5 6 7
40 2 . 0 9 8
50 2 . 6 1 6
60 ■ 3 . 1 5 1
70 r 3 , 6 9 8
T a b l e  No. . 6  
Normal T u r b u l e n c e  i s o t h e r m a l  F r i c t i o n
h  v f  ■ ' R
i n c h  f t . / s e a .
0 . 1+1+ 1 . 2 5 7  0 . 0 0 9 0 3  5 8 6 0
0 . 6 7  1 . 5 6 5  O.OO8 5 8  7 I+IO
O. 8 7  I . 8 0 5  O.OO8 3 8  8 5 5 0
O. 9 8  1 . 9 3  O.OO8 2 5  9 l i + 0
1 .1 1  2 . 0 6 5  O.OO8 1 3  • 9 7 8 0
. 1 . 2 5  2 . 2 1 5  0 . 0 0 8 0 0  1 0 1 + 8 0
1 . 1 + 3  2 . 3 9 5  0 . 0 0 7 8 2  I I 3 3 0
1 . 5 9  2 . 5 5  O.OO7 6 9  1 2 0 9 0
1 . 7  6  2 . 7  0 . 0 0 7 5  8  127 90
1 . 9 7  2.8k- O.OO7 6 9  1 2 8 0 0
2 . 1  2 . 9 7  0 . 0 0 7 1 + 8  1 1 + 0 8 0
2 . 2 6  3 . 1 0 5  0 .0 0 7 3 6  11+700
2 . 1 + 3  3 . 2 I+ 0 . 0 0 7 2 6  1 5 3 5 0
2 . 5 9  3 . 3 8  0 . 0 0 7 1 0  1 6 0 0 0
■2 . 7  6  3 . 5 1  0 . 0 0 7 0 5  1 6 6 2 0
2 . 9 2  3 . 6 3 5  O.OO6 9 2  1 7 2 0 0
3 . 0 7  3 . 7 3  . 0 . 0 0 6 9 3  1 7 6 5 0
3 . 2 1  • 3 . 8 7 5  0 , 0 0 6 7 0  1 8 3 5 0
3 . 3 I+ 3 - 9 5 5  0 , 0 0 6 7 0  1 8 7 3 0
3 . 5  I+ . 0 6  0 . 0 0 6 6 6  1 9 2 0 0
Normal T u r b u l e n c e
T a b le  No ,- 7  
H e a t  T r a n s f e r F r i c t i o n *
Run h V f  ' R
No* i n c h f t  . / s e c •
1 0 . 5 6 • 1 . 0 8 8 0 . 0 0 9 5 5 5050
2 0 - 1 + 1 1 . 1 8 9 0 . 0 0 9 1 1 5 6 6 0
3. 0 . 1 + 5 I . 2 5 I 0 . 0 0 9 0 2 5 8 3 0
k 0 . 5 0 1 . 3 3 1 0 . 0 0 8 8 5 6 1 5 0
5 0 . 5 5 1 . 3 5 0 . 0 0 9 1 1 6 I+ 0 0
6 0 . 7 0 1 . 5 8 7 0 . 0 0 8 7 3 7 5 5 0
7 0 . 8 7 1 . 7 6 2 0 . 0 0 8 7 8 8 5 1 0
8 0 . 9 7 1 . 9 2 3 0 . 0 0 8 2 1 + 9 3 0 0
9 x . 0 6 2 . 0 2 1 0 . 0 0 8 1 3 9 7 8 0
1 0 1 . 3 2 . 2 6 5 0 . 0 0 7 9 5 1 0 5 3 0
n 1 . 5 8 2 . 3 6 5  ; 0 . 0 0 7 7 3 1 1 0 0 0
1 2 I . 5 5 2.1+9 0 . 0 0 7 7 5 1 1 5 5 0
1.71+ 2 . 6 8 2 0 . 0 0 7 6 0 1 2 7 0 0
i t 2 . 0 3 2 . 9 5 3 0 . 0 0 7 3 2 1 3 5 6 0
13 2 . 3 6 3 . 2 1 5 0 . 0 0 7 1 8 1 I+ 7 8 0
1 6 2 . 8 3-1*95 0 . 0 0 7 1 9 1 6 0 5 0
1 7 2 . 8 3 . 5 3 5 0 . 0 0 7 0 1 + 1 6 2 2 0
1 8 2 , 6 9 3-5,3 0 . 0 0 6 8 0 1 7 2 5 0
I
88
T able No. 8
O b s e r v a t i o n s  o f  Normal  T u r b u l e n c e  Runs .
Run No. i 2 3 . 4 5' 6 7 8 9
I n l e t  W a te r  T em p.°F 5 1 . 5 5 3 . 3 5 1 . 8 51 .5 ' 53 5 3 . 4 5 4 , 5 5 4 . 3 5 ^ . 5
M ain  H e a t e r  V o l t s  
Main H e a t e r  Amps. 
G uard  H e a t e r  V o l t s
-----  _ 1 r z a  R
P  P A
5 0 . 3 48 55
**^11
54 4 7 . 5 4 7 . 3 5 6 , 3 4 7 . 5 57
G uard  H e a t e r  Amps. 0 . 6 7 0 . 6 2 0 , 7 2 0 . 7 0 . 6 2 0 , 6 2 0 . 7 3 0 , 6 3 0 .  76
V e l o c i t y .  M e te r
R e a d i n g ,  i n . 2 . 3 2 , 7 5 3 , 0 5 3 . 4 5 3 . 5 5 4 . 9 6 . 0 5 7 . 2 7 . 9 5
F r i c t i o n  l o s s ,
i n .  o f  w a t e r 0 . 3 6 0 , 4 1 0 . 4 5 0 . 5 0 0 . 5 3 0 , 7 0 0 . 8 7 0 . 9 7 1 . 0 6
Guard  ' ( N o . l  Top 1 , 9 4 2 . 0 6 1 , 9 7 2 , 0 0 1 . 8 2 2 . 0 4 1 . 9 4 2 . 0 2 2 . 1 0
H e a t e r  ( N o . l  Bottom 1 . 9 5 2 , 1 1 , 9 6 2 . 0 2 1 . 8 4 2 . 0 8 1 , 9 6 2 . 0 6 2 . 1 0
Therm o-  ( N o .2 Top 2 . 0 0 2 . 2 2 , 0 2 , 0 2 2 . 0 4 2 , 1 8 2 . 0 3 2 . 1 6 2 . 1 4
c o u p l e s  ( N o .2 Bottom 2 . 0 4 2 , 2 2 . 0 2 2 . 1 4 2 , 0 3 2 . 2 2 . 0 4 2 , 1 6 2 . 1 6
R e a d i n g s ( N o , 3 Top 2 . 0 3 2 . 2 4 2 . 0 4 2 , 1 3 2 . 0 9 2 . 2 2 . 0 8 2 . 2 2 . 1 6
m i l l i -  ( N o .3 Bottom 2 , 0 3  2 . 2 2 2 . 0 3 2 , 1 4 2 . 0 5 2 , 2 2 . 0 6 2 . 1 8  2 . 1 6
v o l t s
• No.
( 1 5 6 . 2 5 7 , 3 5 6 . 6 56 5 6 , 9 5 6 . 5 5 7 , 3 5 6 , 9 57
( 2 5 7 . 3 5 8 , 5 5 8 . 5 57 5 7 , 8 5 7 . 5 5 8 , 5 5 7 , 5 5 7 . 7(3 5 8 , 7 5 9 . 5 59 58 59.  5 5 8 , 5 5 8 . 7 58 5 8 . 3Tube . (4 5 9 , 7 5 6 0 . 5 5 9 . 7 59 5 9 . 8 5 9 . 5 5 9 . 9 5 9 , 5 5 9 . 5
T he rm o-  (5 6 0 . 3 6 1 . 5 6 0 . 2 5 9 , 7 6 0 , 5 5 9 . 7 6 0 , 3 5 9 , 5 5 9 , 5
C o u p l e s  ( 6 60,  3 6 1 . 5 6 0 , 4 5 9 . 5 6 0 , 5 6 0 . 5 6 0 , 5 5 9 . 7 5 9 . 8
R e a d i n g s  (7 6 1 . 5 6 2 , 2 6 0 .7 60 6 0 . 8 6 0 .5 61 6 0 , 2 6 0 . 5
( 8 6 1 . 5 6 2 . 3 6 0 , 5 6 0 . 8 61 6 0 .7 6 1 . 5 6 0 .4 6 0 . 3
° F .  (9 6 2 . 3 63 6 1 . 5 61 6 1 . 5 6 1 .7 6 1 .7 6 0 , 7 5 6 1 . 2
( 1 0 62 63 6 1 . 3 6 1 , 3 6 1 . 2 6 1 . 3 6 1 . 7 6 0 . 5 61
1 1 6 2 . 8 6 3 .7 6 1 , 4 6 1 .7 6 2 . 1 6 1 , 5 6 1 , 8 6 1 . 5 6 1 . 6
( 1 2 6 2 , 6 6 3 . 3 62 6 1 .2 5  6 2 , 2 6 1 . 5 6 2 , 2 6 1 . 5 61
. T a b le  No* 8  ( c o n t d . )  
O b s e r v a t i o n s  o f  Normal T u r b u l e n c e  Runs
89
Run No 1 0  1 1 1 2 1 * i k  1 5  1 6  ■ 1 7  1 8
I n l e t  W a te r  Temp.°F. 52*2  52*3 52  53*2  51*k  5 1 • &- 5 1 b  51*k  56
Main H e a t e r  V o l t s  
M a i n ' H e a t e r  Amps 
Guard  H e a t e r  V o l t s  
G uard  H e a t e r  Amps„ 
V e l o c i t y  M e te r  
R e a d i n g  , i n .  
F r i c t i o n  Loss ,  i n ,  
o f  w a t e r
Guard ( N o . l  Top
H e a te r .  ( N o . l  B o t to m
Thermo-* (No. 2 Top
c o u p l e s  (No. 2 B o t to m
R e a d in g s  Cfto.3 Top 
M i l l i - v o l t s  ( N o ,5 B
Tube
T h e rm o c o u p le s
R e a d i n g s
° p
No. 
( 1  
( 2
< ?
( k
( 5 
( 6
( 7 
( 8
( 9 
( 1 0  
( i i  
( 1 2
- 1 3 6  
2 . 2
5 7  hi'5 k 6  k 6 . 3  5 7 - 3  5-3-5 h'Z‘5 5-1*5 5-2.5
0 . 6 1  0 . 6 2  0 . 6 1  0 . 6 2  06 2 , 0 . 6  0 . 5 5  0 . 5 5  0 . 5 5
1 0  1 0 . 9  12 . 0 6  1 I4. 1 6 . 9 5  2 0 . 1  2 3 . 8  2 5 . 5  2 5 . 2
1 . 3  1 . 3 8  1 . 5 3  1 . 7 5  2 . 0 3  2 . 3 6  2 . 8  2 . 8  2 . 6 9
2 . 0  2 . 0 2  1 . 9 8  2  1 . 9 7  1 - 7 5  1 * 7 2  l .
2 . 0 5  2 . 0 5  2 . 0 2  2 . 0 5  2 . 0 1  1 . 7 7  1 . 7 3  1*7
2 . 1  
2
2 . 1 9
1*7
1.721
. 5  2 . 1 6  2 . 1 5 - 2 . 1 5  2 . 1  1 . 8 6  1 . 7 2  1 . 8 6  I . 7 5
, 1 k  2 . 1 6  2 . 1 k  2 . 1 k  2 . 1 2  1 . 8 6  1 . 7 5  1 . 8 6  1 . 7 8
_ . 1 . 9  2 . 2  2 . 1 8  2 . 1 8  2 . 1 5  1 . 8 8  1 , 8  1 . 8 8  1 , 8
o t to m  2 . 1 8  2 . 1 7  2 . l 6  2 . 1 6  2 . 1 3  I . 8 7  1 . 7 8  1 . 8 6  1 . 8
5 5 - 5  5 5 -7
5-5*5 5 5 - 3
5 6  55.7
5 6 . 9  5 6 . 5
57 57 
57*3 57*7
5 7 . 2  5 7 -7  
57*k  5 7 - 7
5 7 . 8  5 8
5 7 . 8  57.7
5 8 . 3  5 8 . 2  
5 7*8  5 8
5 k . 2 55.3
55*7
5 6 . 5
57
55
5 5 - 2
59 .  -
5§*5 57
56.6  38 
5 7 . 2  58
5 7 . 5  58 o 
57 57*8 
57*25 5 8 . 3
57.5  58.7
63'.2 5 k -2
5 5 - 5  5 5 - 9  
55 ' 5 5  '
5 5 5 . 3  
55-7
:>k* k
h
I I
55*7
55*7
5 5 -7
53*5 53*5 
5k* 2  5 k * 2  
5k* 7 
55 
55
55*5 55 
55*3 55
55
55
5 6 . 5 - 3 6  
5 6  55*7
5 6 . 3  5 6 . 3
5 6 . 3  55.7
'5S?5 6
5 6
3 5  
55 
5 55
55*7
5 0
58
5 M
59*5
5 9 . 6
59*7
59-7
6 0 .
6 0
6 0 . 4
6 0
T a b l e  No. 9
Normal  T u r b u l e n c e  H ea t  T r a n s f e r  f o r ,  a Tube o f  I n f i n i t e  L e n g th  a
L/D = 12 a n d  L/D r  3 6
PZ
0
1
2
9-
1 0
1 1
1 2il
1 5
16
1 7
1 8
- p  
©  I—f 
£
-P
-P  
©  
1—1
-P
o
P!
CCS
CD
Pico©
00
5 1 . 9 2  5 2 . 7 4  5 2 . 3 3  6 2 .2 5
5 3 . 6 8  5 4 - 4 4  5 ' , . 0 6  6 3 . 1  
5 2 . 1 6  5 2 . 8 8  5 2 . 5 2  6 I . 3  
5 1 . 8 4  5 2 . 5 2  5 2 . 1 8  6 l . 2
5 3 - 3 3  5 P  5 3 - 6 7  6 1 . 7
5 3 . 6 8  5 4 . 2 5  -5 3 . 9 7  6 1 . 6  
5 4 . 7 6  5 5 . z] 5 5 . 0 1  6 1 . 8
5 4 . 5 3  55 5 4 - 7 7  6 0 . 9
5 4 - 7 2  5 5 . 1 7  5 4 - 9 5  6 1  
5 2 . 4 0  5 2 . 8  5 2 . 6  5 7 . 7 5  
5 2 . 4 9  5 2 . 8 7  5 2 . 6 8  5 7 . 9  
5 2 . 1 8  5 2 . 5 4  5 2 . 3 6  5 7 . 2
5 3 - 3 7  5 3 - 7 ,  5 3 - 5 4  5 § . l  
5 1 . 5 5  5 1 . 8 6  5 1 . 7 0  5 6 . 3
5 1 . 5 4  5 1 - 8 2  5 1 . 7 ,  5 5 - 9 5  
5 1 . 6 3  5 1 . 8 9  5 1 . 7 6  5 5 . 7  
5 1 . 5 2  5 1 . 7 8  5 1 . 6 5  5 5 . 4  
5 6 . 1 3  5 6 . 3 8  5 6 . 2 5  5 9 . 9
0
9 . 9 2
8 . 7 8
9 . 0 2
8 . 0 3  
7 - 6
6 . 7 9
6 . 1 3
6 . 0 5
5 . 1 5
5 . 2 2
8 ,
t v
4 . 2
3 . 9
3 - 7 5
3 . 6 5
. 0 4 8 5  
. 0 4 7 2  
. 0 4 8 3  
. 0487 
.0475
. 0 4 7 2  
. 0 4 6 6  
. 0 4 6 5  
. 0 4 6 5 . 
. 0 4 8 3 : 
. 0 4 8 3
.  0 4 8 5 : 
. 0475 
.0 4 9  ? 
.0 4 9  I
. 0 4 9  
. 0 4 9  ;
. 0 4 6  :i
. 3415
. 3 4 2 2
•342
. J i l l
. 3 4 2
. 3 4 2 2
•343
• 343 '
• 343 
. 3 4 2  
. 3 4 2  
•34-5
•342
• 341 
.341  
.3 4 1  
. 3 4 1
• 343
£
8 . 9
8 . 7  
8 . 8 6  
8 . 9 3
8 . 7
8 . 7  
8 . 5 5
I ' M
8 . 8 6
8 . 8 3
8 . 7 2
8 . 9 8
8 . 9 8
8 . 9 8  
9
8 . 4
G?:
CO
2 1 2
233
2 3 9 .
2 3 3 .
2 6 2
277
3 1 0
3 t 3 .
3 I4 - 8
4-09
t o t
4 3 5
Ii- 6 1
1 + 5 7
4 9 5
5 3 5
5 6 1
577
b
tz;
5 8 . 8
-
5  4 3 . 8  
8  4 2 . 8  
4 7 - 9
5 0 .5
5 6 .5  
5  6 2 . 5
74.6
7 5 - 8
7 9 -6
8 4 . 2
8 3 . 8
90-7
9 8 , ,
1 0 2 . 6
1 0 5
O C4 «
r -
1 6 . 1 5
1 7 . 9
1 8 . 2 7
1 7 . 8 5
2 0 . 1 5  
2 1 . 2 5
2 3 . 9 5
2 6 . 5
2 6 . 9
5 1 -g
3 0 . 8 5  
3 3 . 2  
3 5 - 4  
3 4 - 8
3 7 . 7
4 0 . 7
42.6
45
T a b le  Wo. 10
Normal  T u r b u l e n c e  A v e rag e  H ea t  T r a n s f e r  b e t w e e n  L/D => 0  &
2
9
1 0
n
1 2
a
17
18
5 1 . 5
53-3  
5 1 . 8
5 1 . 5
53
5 C 5
5 4 . 3
5 4 - 5
5 2 . 2
5 2 . 3  
5 2  
5 3 - 2
5 1 . 4
5 1 . 4  
5 1 .
56
5 4 - 4 4
5 2 . 8 8
5 2 . 5 2
5 4  ' 
• 2 5
5 5 -2 7
55
5 5 -1 7
5 2 . 8
5 2 . 8 7
5 2 . 5 4
I l k
5 1 . 8 2
6 1 . 8 9  
5 1 . 7 8  
5 6 . 3 8
^ 2 . 1 2
5 3 . 8 7
5 2 . 3 4
52
5 3 - 5
53.83
5 4 . 8 9
5 4 -6 5
54.84
6 2 . 5  ■
5 2 . 5 9
8 2 . 2 7
53-45
5 1 . 6 3
5 1 . 6 1
5 1 . 7
5 1 . 5 9  
5 6 . 1 9
6 1 . 3 8
6 2 . 3 6
6 0 . 8  
6 0 .4 5  
6 1 . 0 5
6 0 . 8  
6 l . l 6
6 0
5 7 . 3 5
5 7 -4 5
5 6 . 8 5
5 7 -7 3
5 5 . 9 3
5 5 -7 3
5 5 -4 5
5 5 . 1 6
5 9 -7 3
8 . 2 6
8 . 4 9
8 . 4 6
8 . 4 5
7 - 5 5
6 . 9 7
6 . 2 7  
5 . 6 8  
5 . 5 8
4.85
4 . 8 6  
4 - 5 8
4 . 2 8
4 . 3
4 . 1 2
3 - 7 5
3 . 5 7
3 - 5 4
. o486 
. 0 4 7 2  
. 0 4 8 5
. 0 4 8 7  
• o475 
.04-72
LOO
.047
. 0 4 6 5
. 0 4 8 3
. 0 4 8 3
•0475
. 0 4 9
. 0 4 9
• o49
. 0 4 9  
. 0 4 6
.3413
• 3422
.3415-
. 3 4 1
.342
. 3 4 2 2
• 343  
. 3 4 3  
•343': 
. 3 4 2
.342  ■
• 3 4 . 1 5
.342
.341
.341
.341
. 3 4 1
.343
8 . 9 2
8 . 7
8 . 9
8 . 9 3
8 . 7 2
8 . 7
8 .5
8 . 5  
8 . 8 6  
8 . 8 5
8 . 9
8 . 7 2
8 . 9 8
8 . 9 8
8 . 9 8
9 , 
8 . I 4
CT\
CM
2 2 7 . 5
2 t 8
2 t 9
2 t 9
2 7 9
5 0 2
5 5 5 -5
570 
1%
4 5 9
4 . 9 1
4 9 0
5 1 1
5 6 1
5 9 0
5 9 5
4 1 . 7  
4 5 .3
4 5 - 6
51
55-1
6 1 . 1
6 7 . 5
6 8 . 8  
79*5
K !
8 9 . 7
8 9 . 9
9 3 . 6  
1 0 2 . 8  
1 0 8  
1 0 8 . 5
o
&
1 7 - 4
1 9 . 1
1 9
1 9
2 1 . 4
2 3 . 2
2 5 . 9 5
2 8 . 6
2 9 . 1 5
3 3 . 1
3 3 . 1  
35
3 7-7
3 7 - 4
39
4 2 . 8
45
4 6 . 3
• Table No, 11 .
N o rm al  T u r b u l e n c e  A v erag e  H e a t  T r a n s f e r  b e t w e e n  L / D ' s ' O  
Sc L/D “ 36 T a k in g  t h e  Tube M ean_ T e m p e r a t u r e  f rom  t h e  
R e a d in g s  o f  t h e  F i r s t  a n d  L a s t  T h e rm o c o u p le s  O n l y ,
92
o
£PCM
03
-P
Cl
cti®
•P
< 1
9
OCM CM
1 5 9 . 4 5 2 .1 2 7 , 2 8 53 2 2 . 1 5040
2 6 0 , 3 5 2 ,8 7 6 .4 3 5 9 . 7 2 5 . 2 5660
3 59 ,3 5 2 , 3 4 6,96- 5 5 , 6 2 3 . 1 5800
4 5 8 . 6 3 52 6 ,6 3 5 8 .1 2 4 , 2 5 6150
5 5 9 , 5 5 5 3 . 5 6 . 0 5 6 3 . 6 2 6 . 7 6400
6 59 5 3 .8 3 5 .1 7 7 4 . 1 3 1 . 2 7550
7 5 9 . 7 5 4 .8 9 4 , 8 1 80" 34  - 8510
8 5 9 . 2 5 4 . 6 5 4 , 5 5 8 4 . 1 3 5 . 7 9220
9 59 5 4 ,8 4 4 . 1 6 9 2 , 2 39 9780
1 0 5 6 , 1 5 52 o 5 3 , 6 5 1 0 5 . 5 44 10530
1 1 ■ 5 6 , 3 5 5 2 ,5 9 3 . 7 6 1 0 2 . 3 4 2 . 9 1 1 0 0 0
1 2 5 5 , 8 5 5 2 .2 7 3 .58 1 0 . 8 45 11550
13 57 5 3 . 4 5 3 . 5 5 1 0 8 . 2 4 5 , 5 12700
14 5 4 . 7 2 5 1 .6 3 3 , 0 9 125 52 13560
15 5 4 , 4 8 5 1 .6 1 2 , 8 7 1 3 4 , 2 56 14780
16 5 4 . 7 5 5 1 .7 3 . 0 5 126 ,4 . 5 2 . 6 160 50
17 5 4 . 7 5 5 1 .5 9 3 . 1 6 1 2 2 5 0 .7 16220
18 59 5 6 .1 9 2 . 8 1 137 5 8 .3 17250
^_
N . B . F o r  t h e  
p r o p e r t i e s  o f  
t h  f l u i d  s e e  
t a b l e  1 0 ,
/■
9 3
1—j i |—j |_j (_j i-i h  H  H  V  - .................
0 0 —9 O v n -p -V M  ro H-1 O V D  CD—3 CT<01-t~V>J po i_i Run No
\...
v n  v n v n v n v n  v n v n v n v n v n v n v n v n v n v n  v n v n  v n
C h H  H  H  HV>J IV) l\3 (V)-fr--p--fr-V>IV>!H< H-'VM !-*
• 0 0 0 0  0 0 9 9 0 0 # < » 0 «
p - v n  -p-_p- po vm r o v n w iv n -p "  vjn o o v n v n
v n  v n v n  v n v n  v n v n  v n v n  v n v n  v n v n  v n v n  v n v n v n
CTnH  M M HV>I ro IV) r j4 ^ P ^ -p “VMVMM MVM H
0 0 0 6 0 0 0 9 0 0 0 0 0 0 4  • o •
o  -p -vn  -p v p -  po o v m  r v iv n v n v n -p -M a v v o -P ''a v  
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C o r r e s p o n d i n g  t o  L/D = i n f i n i t y .
H . Nu N u / P r 0 ' 4 ) / P r 9 E n t r a n c e
C o n d i t i o n
26400
36500
41800
50600
55570
5 9 , 5
75*4
8 5 . 3
1 0 2 . 1
109
' 6 7 .8  
8 6  
9 7 . 2  
1 1 6 , 5  
1 2 4 . 3
6 6 .4
8 4 . 2
9 5 . 2  
114 
1 2 1 . 8
B e l l  Mouth
26400
35000
41800
49700
55570
5 9 . 5
8 2 . 4
92*2
1 0 1 . 1
1 1 2
6 8  
94 
105 
1 1 5 . 5  
127 # 8
6 6 . 5
92
1 0 2 , 8
113
125
B e l l  Mouth  
a n d  
One S c r e e n
26700
36700
43000
50500
54400
6 5 . 4  
8 5 , 3  
9 5 . 2  
105 
115
7 4 . 6
9 7 . 3
1 0 8 * 6
1 1 9 , 8
131
73
9 5 . 2
1 0 6 . 2
1 1 7 . 2
1 2 8 . 3
R i g h t  A n g le  
Bend
49700 9 9 , 2 113 1 1 0 . 7 B e l l  M outh  
a n d
S c r e e n  H o l d e r
49700 105 1 1 9 , 8 117*2 B e l l  M outh  
a n d  S i x  
S c r e e n s .
17000 44
... *
5 0 . 2 4 9 . 1 S m a l l  O r i f i c e
100
T a b le  N o . 19 &
S u p e r  T u r b u l e n c e  E x p e r i m e n t s  -  90 deg". Bend E n t r a n c e  .
O b s e r v a t i o n s .
Run No . 1 2 o 4 5 6 7 8  9
I n l e t  W a te r  T e m p .° P . 7 1 , 6 7 2 . 6 7 1 . 7 7 1 . 5 7 1 . 6 72 7-2.5. 6 9 . 1  69
Main H e a t e r  V o l t s —136 .5 ------ -------- r---------~---- ----------
Main H e a t e r  Amps ' —--------- —;---- —— 2 . 2 4  — _---- . - — ---- ------ - -------
G u a rd  H e a t e r  V o l t s 6 8 63 6 8 62 60 60 6 6 59 60
G uard  H e a t e r  Amps. 0 . 8 9 0 . 8 0 . 8 9 0 . 8 0 , 7 5 0 . 7 5 0 . 8 5 0 . 7 7  0 . 7 7
V e l o c i t y  M e te r Read  • -
-iLng. i n . 3 . 3 4 . 2 6 . 4 8 . 1 1 0 , 2 1 4 , 4 5  15,95 18 20.35
H y d r a u l i c  Loss . i n .
o f  w a t e r 1 , 1 3 1 . 3 7 2 , 0 2 . 4 5 3 . 0 4 » 0  4 4 . 5 1 4 . 9 8  5 , 5 8
G uard  ( N o . l Top 2 . 5 6 1 , 9 8 2 . 3 4 2 , 0 6 2 . 1 4 2 . 1 2 2 . 1 8 2 . 0 6  2 . 1 4
H e a t e r  ( N o . l Bo t tom 2 . 3 8 2 . 0 2 , 3 4 2 . 0 8 2 . 1 8 2 . 1 4 2 . 2 1 2 . 0 9  2 . 1 8
Therm o-  ( N o *2 Top 2 . 6 8 2 , 2 6 2 , 6 6 2 . 3 2 2 . 4 0 2 , 3 6 2 . 5 2 . 3 0  2 . 3 8
- c o u p l e s ( N b  , 2 B ottom 2 . 6 6 2 , 2 2 2 , 6 2 2 . 3 2 2 , 3 8 2 . 3 2 2 . 4 6 2 . 2 8  2 , 4
R e a d i n g s (  No .5 Top 2 , 6 6 2 . 2 8 2 . 6 6 2 . 3 3 2 . 3 8 2 . 3 6 2 . 4 6 2 . 3 0  2 . 3 8
M311i*volt( No ,3 Bo t tom 2 . 6 6 2 , 2 8 2 , 6 6 2 . 3 4 2 . 4 2 2 , 3 7 2 . 5 2 , 3 2  2 . 4 2
(No .
( 1 7 3 , 4 7 4 . 3 7 3 , 1 7 2 . 6 7 2 . 7 7 3 . 2 7 3 , 4 70 6 9 ,8
( 2 7 1 . 1 76 7 4 . 4 7 4 , 3 7 4 . 3 7 4 , 3 7 4 . 7 71 7 0 . 5
Tube ( 3 76 77 75 7 4 , 5 7 4 . 6 7 4 . 8 7 5 , 1 71*6  7 1 . 1
T h e rm o c o u p le s ( 4 7 7 . 7 7 7 , 7 7 6 , 2 7 5 . 5 7 4 , 8 7 4 , 8 7 5 . 5 7 2 . 6  72
R e a d in g s ( 5 7 8 . 6 7 8 , 6 7 6 . 5 7 6 7 5 . 8 7 5 . 5 76 7 2 . 5  7 2 . 5  '
Otji ■ ( 6 78 7 8 . 6 7 6 . 9 76 7 6 . 2 76 76 7 2 , 6  7 2 . 1!i ( v 7 8 . 8 7 9 . 2 7 7 , 1 7 6 . 1 7 6 . 2 76 7 6 . 2 7 3 . 1  7 2 . 5
( 8 79 7 9 , 2 7 6 . 9 7 6 . 5 7 6 . 4 7 6 , 3 7 6 . 5 7 2 . 6  7 2 . 6 ,
( Q \ ^ 7 9 , 5 7 9 . 9 7 8 , 2 7 7 . 3 77 7 6 . 9 7 6 , 7 7 3 . 5  7 3 , 5
( 1 0 7 9 . 3 8 0 7 7 . 7 7 6 . 9 7 7 . 3 7 6 . 1 7 6 . 9 7 3 . 4  7 2 . 6
( 1 1 8 0 80 7 8 . 2 7 7 . 7 77 .3 7 7 . 1 7 7 . 3 7 3 . 7  73
( 1 2 8 0 . 3 7 9 . 5 78 77 7 6 . 7 7 6 . 9 77 7 3 , 4  7 3 . 5
101
VM
VM
•
IV)
ro
VD
F ~
v o
VDM
VO
VO
ro
OV 
—J
ro
-V3
o v
to
ON
*-tr­
io
VJI
CDvn
CO
v o
v o
0 0
VO
v o
00
VO
VO
00
CO
VO
CO
v n
r o«
v n
ro
H
VM
Hro
[O
ro*
ov o
£
H*1 . ro ro
M v o t o
M v o  ' ro 60
v o —3
vn * ro M
— 3 VO • o• VO ro CO
OV v n ro t
v n
F"* • ro COov v o * —j* v q ro
o v
r o
CO
v nv n
—3 H VM • ro r o o v
00 • r o v o * • oro VM VO VM h-» •o O M v n v nro
ro « r o v n
CO VO • F~• CO j-* ' 4' .
CD VO fo VM
ro •' IO v n
CO v o « VM
vn 
Oh-1 *
M 0V
no vjn 
•  r o
M  4
H* VM
v no
ro F~ • vo o  *
—■3 fo
€+
CO
Ov o  • •
CSV VM
vm v n
M
o«
o
VM 
—-3 
v n
fo
oo
F~
r o
VOF~
ro
CD\~>
js
OV
- J
—3«
H
VO
1—3 
•
v n
H
—J 
•
CJV
v n
-V)ro
o—3 
-V3ro
i- 1M
—-3
r o»
F “
v o
—3ro
•
ONv n
—3
VO
v n
-VI
v o
VM
00o
coo
VM
u
H —Cl —3 • ■
H « M VM (—'
CO • « OV
o OV F~ —3
o v VM —3 —-3 M
M * M vn *
o
o v
«
OV
F " .
•
t—*
v n
F" F~ *—3 -VI ro
CD • V* o v •
CO VMro
•
OV
■ CO
CO
VM
v n
VM v n -33 —3 . F "
v n . # r -VI •VM v o • H*00 -V}
IO
-VI Ov
VM OV —VI —3 v n
o ■ • H CO ' •
v o 00F~
4
-VI
OV
•
OV
vn
VM o v —VI ■—3 o v
F * • 1—1 CO •
O ro *
CD
CO
F“
VM Ov - V I —3 v o
o • h-* CO •
v n v o
VM
«
CO 
—-3
«
00 v n
ro —3 —-3 —V] h->
v o • M VO o00 O
v o
•
v o
M .  ■
•
CO
v n
H
Ov
9
M
CD
h~>-V !»vn
VM*
O
•
CO
VM
Ov
f o
w
P
y
M
CO
&
®
na
F4
u1
F
i—* 
CD
yo
® .
SJ
cdM
£w
ct
CO
VOo
pi
CD
0^5
tn
CD
y
a
wy
c +y
P
g
CD
1-3
PU*J-*
®
12!O
I-*
v o
CT1
102
CO *-» 
VQ, • 
p r*  p r  
O —3
— • ■ t '  -M • (Mi r o H —3 —-3 •M V O • r o r o • r o P H*-~4 V O r o * o p ■—3 • . • O N* 0 0 VJ1 o ON VM - 3IV)
VJ1 .4 r o i—1 ON MM - 4MO V O • 1—* r o 4 . r o O N •* V O r o H CO VM • V JIr o V JI 0 ON ONV Jl p
. p r « r o CO p P —3 -31 r oV jl v o * ON CO • (O •—3 •* . v o m-» p ON VM • CDCO P — 3 p ' VM ON VM- 0 V JI
P • —3 p P —3 - 4 Po v o « , V Jl ■ r o m r o —4 •MO M ' • MM v o . • - m HMM v n V Jl v o —3 ~ 3 ONH
MM # r o ON MM V Jl —3 -3 } V JIVM V O * P ON • r o CO *• MO H : o CD 4 p V jl
MO MM MM ON' —3 ON■ p
MM * r o r o On On o o MM v j i —3] —3 O NV 0  * • P • * ■ .* ON # r o 0 0 •
m o  r o M • ON VM o r o CO • . « 0 0M  CO MM MM V Jl MM MM ON pr o - *3 ~ 3 i
VM ' 0 . r o V Jl MM O N - 4 - 4 v oM MO MO MM • r o v o «» v o H r o MM •  ■ 4 VJIfO M {—* ON CO fO
p
Mm •  ■ IV) V Jl MM ON —3 —3 MH MO p V O MM P • r o v O o• V O M ■ • P VM * . • «
P M M p r o 0 0 r o 0 00 0 V JI
r o • r o VM MM ON - 4 —3 MCO v o • P o ■ VM v o O N* v o h-> • O N CO p • »'CO M p r V O o v o MM 0 0
r o 'it , r o V Jl MM ON —3 0 0
CO V O  ' ' • p r o • VM o —3• v O H P"^ v o 4 •
On H VM o V JIV Jl
MM • ro V Jl MM O N —3 0 0 VM
O V O • O N M • VM o Ov o h-> • v o ON 4 4
M —"3 H VM 0 0
VO
MM 4 ro O N MM V Jl —3 - 3 VM
MM V O • ro V Jl • . VM vo ON« v o • ' MM v o • ' ♦ •ro w -3 CO V Jl vjl ro
ro
C/2
0
M2
CD
MS
+4
£
MS
to
£
CD
3
o
CD
W H3
CD to
CO o '
0 M-»
CD
ct
to fe!
o
r • *
v o M
O VO
to o '
CD
03
4 oo
w 3
CD ct
0 to
to *
' '
c t
MS
to
3
o
CD
1
0
9
0
0
103
£
'£ >
: fit
c t ct"CO
- P
I-1
PVM
M*
03H
vj i
v o
v ooo
—-3 •
P  v o  
•  v o
--3 Os
OS
*
VM
P
vO
P
IV)
VM
v o  •  .
r o
VM
0 0
VM
VO•
0 0
VJI
VMro
0
ro
VM
VJI
•
M
VM
VM
0
0 0
VM
VJI
0
o s
v o
v o
p
VO
'iPh o
VOv o
IV)
4
v o
v or o
«
v ov Dro
VO
v o
ro -
v ov o
4 -
v oVO
VOvo
v oMO
IV)
0
VM
fO
IV) IV)• o s
r o 03
03
r o P
• Pr o P
VJI
rv> P« P
r o . OSr o
r o 00
0 VJI
P 0
03 P
r o 030 o
P
03
r o ~ v. 0 p
P 0— 3 VM
r o —30 r o
P 0 .—3 P
r o -VI
0 VJIj - j 0—-3 VJI
OS0 PH
P
fO OS0 OsP 0
VJI Os
r o OS
4 p
P 0
P P
r o Os0 —-3
P 0
P OS
OS 0 . 0
OS VM 
VJI VJI a—-3
VJI
i_j (_i ~vr
VJI 0 i—1
M . i r -  i  
0  * 0
-VT
VM l-»
# • OS-
M -VJ
—3 r o -V -VI P
v o •  - - P p 0
O OS - 0 0 VJI-VI -VS p
VM
OS VM -V] -VJ r o
VJI 0 . P VJI 0
P 0
•—-3
03
VM
Os VJI
-fv • F - —3 -V I P—3 0 P OS - •
00 P 0 0 P
P —3 IV) OS
VO
4=r P —-3 —3 VJI
VJI 0 P OS 0
O Os 0 0 VJI
v o 00 VJI
p VJI —~3 -V ! Os
P 0 P Os 4
- 3 O # 0 0 3
o s 0 3
P
v o p
P VJI VJ - v i v O
O • P -V i ■ 0 '
VJI r o 0
v o
0
P
VJI
P P v j -V ! Pr o 0 Os O
VM v O 4 0 0
00 vO
r o
v o 03
VJI
VM o s -VI -VI P
P 0 r o 03 OSr o P 0 0 0
-V] o
VM
t o P0 3
VM VJI . - V - V P
■—3 0 r o —-3 - V
P o s 0 0 0p oOS —3
VJI
VM VJI —-3 -VI VM
OS • r o 0 3 o
O 0 3 0 0 0
OS VM
P
r o 03
VM VJI -vi —3 VM
03 0. r o 03 OS
O VJI
VJI
0
PVJI
0
r o
VM
CO
£VI
CD
•*
t3
£
&
id
H
CD
3
o
®
w
CD
CO
piM
c t
co
v O
O
p
CD
09
0
Cd
a
u
p
pc t
4
P
»o
0
t9
P
O*
M
0
te l
O
0
P
VD
P
O
oId
c t
P
1
2
2
5
0
104
po \ fe!
£
1/
•Cl­
ef efra
§
ro
o
L
V M ro VN
OO • .-F“M VN v*
VN
-VJ . • roM MO • VN• VO ro vn-VJ ON vn •
VN
ON * ro W—3 VO • ro• VO ro -5VN ON vn
vn ♦ fo VO
O vo • ON* VO fV)
ON VN
9 ro COvn VO • vn• vo M •
H VN CD vn
-P“ • ro ro COvn vo * m vn» vo: vn M B
VN vn ro CO
Jr- • ro 00
vn VO « vn
VO ro •
VN H-*
4=3 • ro VJ
IV VO 4 00• VO V •.pr" VN CO VN
VN IO ON
vn . VO • ■ OO• ' vo 4 ■:•
vo H On ro
VN • ro -3
VO vo • VN
VO •
ro -3 VO
VN « ro ON
vn VO • ON*. vo «
ro H VJI CO
-F" * ro
M vo 4 —3
vo M *
fo VJ —3
M
CTs O » •
ON VM
co vn oVN-VJ
vn
vo * H .ro V»h“» * . * On
vn vn ON VJ'
-VI fo -VI —3 V
ON * , ' 4=3 «V -V]-V] «vn
VN
■ ♦
VN
vn
-VI ro -VJ -VJ roV • H* 4=3. •
vn vo * ■ « COvn vn
vn
vn VN
vn
vn VN —3 —3 4=3VN . » vn •
00 vo • • w
ro vn
00
vn ON
4=3 43- -Vi ■vj vn
CO • j—> ON 4
o 4=3 . • ■ 
ON
vn
F~co
ro
0 0
4=3•
VM 
—0
4 = 3ff
-pr
ro
-p"
0 0
VN vn
vn vn
H
vn
VN-vi
vn
VN
on
-VJM
*
ON
VN
—0  V •
ON
0 0
-VI
•VJ
0 0
-VJ
ON
~VJ
ON
-VJ
ONt
vn
3 -  
■ *
VN
—3
ON
•
0 0
4=3
VO*•
vn
V
O • *
0 0
vn
h-»
'On«
M
0 0
• M ON VI
O 4 ■ 4 ■ •
00 00
ro
vO vn
vn ‘ VI —3 VN• ro V J O
ON « ■ * ■ *
VN V J CO
4=3 -V —3 VN• IO —3 ON
00 * •
VN H
—=1 r o
Pd
£
3
4=3
CO
S '
CD
4
h3
5
O
3H*
0
B
0
0
W
3h—1 ef 0
VO
o
pj
0OP
Cd
0
a
pef
P
3o
0
H3
p
a*
H*
0
52!O
•
M
VO
o
o
o
3
eh
a
o
^
L
ii
S3
$
IV)I*
roVO
• ro •VM00 vo • P
VD ro M
OO oo
—-3 ♦ ro H
p vo « P• vo ro O
VM crv vn
ON • ro—3 vo # ro•
vn
VO
ON h ' • m'
VM
CJV * ro H
VM vo ' • ro•
O n
vo
ON £ •
o
P • . ro vo00 vo • H• vo ro m
VM VM vn
■e :
ro
Pro
VM
CO*
VJI
VM
ON•
ON H*
VM *
co vo
• VO H* H
p r  •  
VM VO * vo 
VO VM
O  pr
ro
• 4 1X3 m *
ON VM
ro♦
ro
0 0
VM
ro
t? w
&
tf
105
c t
Ct c t
CO
• ro no 00 ON O
vo * • VM • •
vo VM ro • ON VMVM ro v n —4 vn
* ro CO
vo •
vo ro •VM on
• ro CO
vo • H
vo ro *VM H
• ro -os
VO • VM
VO H •
M ON 1-*
• ro ON
vo • vo
vo •
OVM
VJI
<
h-» —0 ■—3 •
VO * M ro H
H 1—i • • • ON
vn 0% —3 -VJ
—3 ro ■—3 -3 }-J
oo * M P •
On ON
CO
•
ON
ro
»
VM
■vn
—si ro —0 -V ro
M ■ • M P •vn vo ♦ ■ * COvn On
vn
on VM
vn
ON VM —3 —3 P—3 • K* P »vn i-* * * M
VM ON 
—0
CO ON
vn
r
-3 —3 vn
H* VJI •
P HM
•
ON
vo
•
00
vn
P P ■—3 —3 ONON • H on •
vo P • * COvo —3 
M
ro p
P P —3 —3 VD—•] • M ON «vn
£
«
ON
•
ro
vn
P P -VI —3 s-»vn • H ON O
On On • * *
ro
CO
P oovn
Z vn
-VI -VI f—•
• —3 ON
H H
VM
«
CO 
—3
•
M
00
VM vn —3 -VJ
VO • M -3 —3
o P 9 • •
H CO
vo
VM vn
p vn —3 —3 VM
o • ro —3 o
ON • * •
VO H*
H-*
VM CD
P P -VI -VI VMON • ro ON ON
CO vn • » «
H
vO
-V| ro
S3
vn
CO
S
tsCD
4
1-9
£
►S
o'
£H-*
CD
SO
0
S3 O'0 t—1
CO 0
£M feiCt oto •
i ' M
VO
VO
o O’
a0 o
OQ o• £
ct
Gd Pi0 »
3 s_-
Cb
td
3
c t
3o
CD
2
.7
2
5
1
6
5
5
0
£0
S '
vo
£
OS
VJIh->
ft
VN
Pro«
v jl
P
VJI
*
fo
V V \ is.
■£  ^^ *• ? b I  t? «  s
D
rt ct
ct
GO §
■4?
t-> H ro VN 1—1 M -31 -3 •
OS • M -31 • ro VN 3—*—3 ro VN vn ro • OS
00 CO ro —3
00 * ro M VO ro —3] —3 H—3 vo . • OS ro * fO P •• ro vn • vn ro « • vn-VI —3 vn GO O VN
ro 03h—-3 • ro H —31 10 Os —3 ro *0IO VO • VN OS * ro pr » CD• VO ro' OS p —31 • • 00VN -V P OV 0 CO VN
P vn HP
—0 • ro H -33 ro —3J -3 pr R
ro vO • . VN —3 • ro pr * o1• vo ro -V O —3 • • £CO —0 P pr 0 00 OS CD
vn • 10 H-* OS VN -31 —3 vn
PO
CO VO m O M • ro vn • CD• VO ro VO Ov P • ■ * vnM pr - ro • ro 0 vn SJ P3
vn CO £ CDCO
vn • ro ro VO OS O 0 vn VN —3 —3 OS £
O vo « • OS « s* ft VN ft ro os • Os* vo VN ro OS Ms! 0 vo VO • 00 ct
GO P pr vn VN h-» 0 p - co—3 vo
vn J
vn « ro vo vn VN -3 —3 voM vo • —3 P « ro OS * vo• VO ro • vn 00 • vn O
VN p r -3 H*VN
vo
VO
p
*
vo
VO
VN
VO
VO
P
vovo
VN
vo
VOVN
IOft
f\3
!\3
«
-3
r o
*
ro
r o»M-3
r o
M
-3
v o vn P - 3 —3 w
O O • - r o OS 0« CO •  ■ • ft
vn vn M
vn
VN 0 0
vn
00 P P -33 -31 M
O vn • r o O v O S* OS * ' • ■ •
VN 0 0 r o
r o
vo M
0 0
^ 3
vn VN - 3 - 3 H
P • r o - 3 —3• O S OO * ft •
M O S ISO
p
vn
OO P p - 3 —3 VN
O vn ft r o O
• M O S • » •
0 0 Pr o
M CD
OO P p - 3 - 3 VNvn —3 ft IO O s O s
*
VN
VD p •vn
• «
vo
•
r o
10 6
pd
cdm
w
CD
B.
W
2Ct
p
3o
CD
f-3
P
O1
M
CD
S23
o
H
VO
O’
o
O
3
cr
■pi
o
o
il
z
107
Po
ro*
00
ON
ro 4
IO VOw vo
CD
vo V •
H vo♦
vn ^3
—V •
-VI vo• vo
00 vn
ON 4-VI vo* vo
VM -pr
vn •
00 vo
vo
-fr-
vn 4 ■
00 vo• VO
VM -pr
vn 4
vn vo» vo
—•3 -pr
vn 4
M VO« vo
vn . -r*
-pr •
VD vo• vO
vn 43“
-pr 4
—3 vo• vo
vn no
-pr 4vn vo• vO
H ro
p r 4
vo VO• VQ
VM ro
r ftN
ro
VM
S? W
ro . p r4 t-»
ro
CO
ON
ro H4 —3
rovn ro
ro• - p r
ro ON
IV) 4
—*3
ro H4
ro
M
13
ro H« O
ro V0
ro*
ro
ro
«
ro
»
VM
H*
H
O
M
Ovn
r o
ro \SL ♦ -P“ro
ro co ♦ voH •
—3 00
ro oo • vn H •
-V} VM
ro vot VM 
M *
•va ro
on
r s
u c t  c t  fc-»
c t  3  CO
W
ro o  -vi —3 «
VM * ro VM H-pr vo ■ • • ovo  vn -pr -VJ
v o
ON
CO
£
-VJ
M
vn
IO
«
H
0 0
(O
•
vn
ON
ro
vo
-VI
ro
•
v n
i o
—3
ro
«
vn
-pr
-vj
ro
-3
-pr
-VI
-VI
vn
H
-VJ
vn
H -
vn
i o
•
oo
VMvn
pr
#
K*
vn vn vn ON
vn
ON VM -VJ —-3 vn
M 4 ro ON 4
vn -pr 4 - vn
VM vn
—-3
O o ON VM -VJ —3 ON• 4 M 4 IO ON 4
VM o VO -pr 4 03vn VM w vn •pr•VJ vo
vn ro vn VM —3 -VI vo
vo 4 ro ON •*-> vn 4 4 vn-V| ON ro
VM
vn VM —3 -VJ
-pr 4 ro ON O
ON 00 4 ♦ 4
ON ON vn CO.pr vn
vn VM —-3 -VJ H
ro 4 IO ON ON
vo VO 4 - 4 4
vo —3 •—3 HM 00
vn -pr -VJ -VJ t-*
O 4 ro ON —3vn 4 4 ' 4
—3 -VI vo vnVM
-pr -pr -V -VJ VM
CO 4 ro —3 o
o -Pr i ■ 4 4
vo VM CO
o
vn •P~ —3 VM
£
4
o
ro♦
—V ON
4
ro V0 ro
CO
PO
w
c
•oCDH
£
a-
SH»
CD3O
CD
Pd
CD
CO
ct
VO
O
Cu009♦
w
CD
3
P*
tel
3
ct
9
O
cd
po*M
CD
O
I—*
v o
O'
o
o3
c t
Pi
108
to ip
d ■t?
0 ctto
-{ s
H-3
v nvjl
O
VM
«
O
ro * ro p rM VO • M
VO VQ VM 00» VO CO
VM
H-* • to . too VO * o
p r VO VM o« CO VM-V}
00 * to wo vo * VM
VM
P“
VM
VM • to M—0 vo • O
VO VM vo
ON «
to
VM • to M
VO vo • H*
VO VM VM
ON
VM • to to H
—3 vo • • H* vo p r VM O
VM ON
VM
O
■
VO
to• 3• VD to
ON P~ 00
vji
CO
»
p r
P~ 
o n  
- «
CO
p r
0 0
p r
ON
VJI
vo
VO
on
#
vo
VOp r
♦
vo
vo
p~
vovopr
VJI ♦ro vo * vo ro p r
Mt—* 
H
VJI
CO
VO•
o n
VOro
ro
VM
ro
ro—3
ro*
ro oo 
* vo 
ro * —4 ro
ro h oro o
-—3
on
♦
VO
VJI
O*
VM
ro
VM
pro
VJI
o
ro
VJI
H-*
ON
vn
VJIP~
v0
O
vo
On
VO
*
—3
O
0 V 
—-3
' M ON - 3 Mj_. • VO H •# to CO * - VMo CO Mto 03
d
CO to ON —3 to
VM • VO H-* » ©
ON p r • ♦ CO
ON M ON VM
pr' VM t3
d
ON VM ON -31 prM • VO to • o 'to P" • • K* d
VM M ON ON t—*
VM ©
ON VM ON —3 — * VM g
VM • v o to • ©pr VM • ♦ VM
VM H VM to to
-31 d ©
d COo ON VM ON —3 ON d* H VO to • CO Mo ON p r » • CO ct
VM to M ON Pr 00
VO CO I
VJI VM ON ~ 3 v o 1
pr « v o VM • VOVM CO # » VM o
GO to M
ro pb©
Ov VM ON —3 M 03to • VD to O •
VM VM * « •-3 to ON 00 w
p r
«
ro
■p-*
oCO
■pr
•
roro
VM
•
CO
VM
VM
ON
VO
»
VM
ON
vo
»
VMro
ON
vo
•
P~
0 0
ON
vo
«
VM
VM
VM
«
VM
—3
VM
VM
ON
CO
M
—0
p r  vm
-—3
VM
—3
-3}
VM
*
P“
VM
O
•
CO
VM
ON
•
ro
©
a
0
c t
p
d
o
©
1-3
p
CT*
l-J
o>
fejo
»
H-*
VO
ct1
o
o
d
ct-
a
00
88
1
<  'vX ^
. I ’?^—■ o
pi SJ
*>
ct*
co
109
& N>»
-P “
ro'ON
4= "
O
o
00
a> ON * MO V0  H* Ov 
C P '*'3
VM
*
IV)
VM
VJI
M ft ro roVM vo » vn
VM vo VM J£~
VO —3
VO • IV) J-Jvn vo ft 00* vo VM IV)
VM oo vn
OV • IV) ‘
OV vo •
3• vo VM
Ov ov IV) •vn
vn ft- IV) H
V VO ft - o• vo VM vo
M vn •
Ov
VJI
VM
CO
«
VO
v oOv
*
VO
VO
VM
CO IV) 
* . ■ •
- p r  VM
rv>
io
VM
vn
♦
vn
H
H
vn » ro i—*
Ov vo * o• VO VM CO
ov vn - *vn
•p" « ro covn vo « —3
•
OV
vo
VM 3 *vn
vn • ro H
- VJ VO « . M• VO VM O
CO vn ftCO
vn ft ro H
VM vo 4 P.• - vo ro VM
VO VM . 00 VJi
-p" ' 4 ro vo00 vo • ro
vo
VM 3
•*-*
ov
- j ^  VO
v n
o
*
VMvn
o
4
00
- 3
-P~ •
IV> -P~
vn oo
H*
o
r oo
~ 4
M
vn
ro
3
io
t
v ov n
o v  VM 
M *
OV VM 
V0 » OO O
r o
ON VM
r o  •  
r o  vm  
v o
OV VM
o  •
00 -pr-
- N
4r" _cr* 
v o  *
O VM 
. M
OV VM
r o  » 
O -pr*
vn vm 
oo «
O crv 
-P ~
vn
o v
-P~
♦
O
0 0
OV
VO
•
o
r o
Ov
VO
S
ov
v o
•
ovn
o v■to-
*
ocrv
o v
v o
*
O
OO
OV
VO
•
f-J
H
ON
vo
•
H
VM
OV
VO
«
H 1
VO
ON
VO
4 .roo
ON
v oft
VM
o v
ON
v oft
£
~0 
o  • *
vn
M
*
vn
ro m
M • £
• OO
H  VM CD
vn H
P" H3
IV) * £H H
CT\ o*
pM
•vj vn ®
ro • P* v n o
vn CD
Pd
—3 ov CD
ro * l^ d os
ft CO g  Pp~ P  M
c+
vO w
vo
ro * 1
•  vn
v n v£)
O
■VJ P*
IV) o CDft * oq
OV 00 «
vn
w—%J M 0
VM On p
vn
-VJro
OV
VJ
VM
V
VM
•
vn
M
co
M
V
•
v n
VM
Oft
oo
VMov
ro
p«
t?j
pc+H
P
8
CD
O*
M
CD
O
VO
O'
o
o
pctCb
Table No, 20 a 110
S u p e r  T u r b u l e n c e  E x p e r i m e n t s  -  S h a r p  Edge E n t r a n c e ,
Run No. 1 2
I n l e t  W a te r  Temp.°F 6 9  . 6 8 . 7
Main H e a t e r  V o l t s  ■— :— ------ —
Main H e a t e r  Amps -------------------
G uard  n e a t e r  V o l t s   ^ ....■—
G uard  n e a t e r  Amps  ------—*— ^ —
6 8 . 5
1 3 6 . 5 -
2  • 2 li.
fi2-5- Ob o
68.6
R -
7 6 . 3
6
7 0 . 5
V elo c i ty  M e te r  
R e a d i n g ,  i n ,  
H y d r a u l i c  Loss  -f 
i n .  o f  . w a t e r
2 y
3 . 8 5
1 -3 3
5*k
1.87
( No.1  Top 2 . 1 8  2*18 
j Guard  Heater ( No.1 Bottom 2 . 2  2 . 2 5
i Thermocouples ( N o .2 Top 2.Lj_8 2 . 5  
R e a d i n g s  (No.2Nottcm 2 . 4 6  2.1+9 
M i l l i - v o l t s  (No . 5 Top 2„l |8  2 . 4 . 8  
(No. 3 Bottom2.1+3 2 . 5 O
No
8 . 3
2 . 7 6
2.1
2 . 1 k
2 . 3 8  
2 . 3 6
2 . 3 8  
2 . 4
10.25  i i - 9  15-0  
3 4  3*95 k * G
2 .1  
2 - lt}.
2 -k
2.36
2  xS
h
1 . 9
1 . 9 1
2 .1k
2 . 1
2 . 1 7
2 . 1 6
Tube
T h e rm o c o u p le s
R e a d i n g s
O p
1 70.7 7 0 69 . 5 69.7 7 1 . k
2 7 1 . ? 7 1 . 7 7 0 . 5 70.6 72.6
3 73 4 . 72.5 7 1 . 5
5
71.7 7 3 - k
4 7 5 - 2 7 k -3 7 2 . 73
5 7 5 4 75 73* k 73 7k* 2
6 7 5 - 8 75 73* 5 73.5 7k* 5
7 76 75 .2 73* 2 73.5 75
8 7§ 7 5 . 2 73* k 73.6  ■ 75 * 2
9 7 6 - 5 7 5 4 7k
6
7 k -1 7 5 .2
10 76.6 75*3 P - 7k . 1 75*111 77 75.6 7k* 8 7k 7 5 . 3
12 7 8 . 5 75 * 2 7 k 73*7 76
2.1
2.1
2 . 3 8
2.36
2.37
2 . 3 8
71*5 
7 2 . 6  
7 3 - 5  
7 t . 3  
7 k .  8
7 k .  3 
7 k . 7 
71+.8 
7 5 - 5  
7 5 - 3  
7 5 - 5
7 5 - 2
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T ab le  No. 21 a 
S u p e r  T u rb u le n c e  E x p e r im e n t s  - |  i n .  O r i f i c e  E n t r a n c e
O b s e r v a t i o n s
Run N o . 1 2- 3 4 5 6 7 8
I n l e t  W ater  Temp.°F . 6 7  64 .1  66*7 65 .7  66*3 6 5 ,5  6 5 ,5  65 .8
Main H e a t e r  V o l t s  • 1 3 6 .5
Main H e a t e r  Amps. 2 .2 4  •
Guard H e a t e r  V o l t s . 61 57 ■ 61 61 61 61 61 61
Guard H e a t e r  Amps. . 0*8 0*71 0*8  0*8  0 . 8  0 . 8  0 . 8  0 . 8
V e l o c i t y  M e te r  R e a d in g ,  i n .  3 . 5  4*15 6 .1 5  7 .0  1 0 .2  14 .6  15 .2  ,16*8
H y d r a u l i c  L o s s . i n .  o f  w a t e r  8 .9 7  1 1 .1 5  1 6 .3  1 8 .8  2 7 * 5 . 3 9 ,8  4 1 .3  4 5 . 2
(N o .1 Top 1 .9 9  2 .1 4  2 .0 8  2*12 2 .0 2  1 ,9 6  2 .1 3  1 . 9 6
Guard H e a t e r  (No-,1 Bottom 1*97 2 .0 8  . 2 ,1 2  2 ,1 7  2,04- 2 .0  2 , 1 6  2 .0
T h e rm o c o u p le s (N o .2 Top 2 ,3 0  2 . 1 6  2 ,4 2  2 .4 4  2*35 2 .2 3  2 ,4 3  2 .2 4
R ead ings  (N o*2 Bottom 2 .2 7  2 .2 2  2 ,4 2  2 . 4 6  2 .3 4  2 .2 2  2 .4 3  2 .2 2
M i l l i - v o l t s  ( N o .3 Top 2 .3 0  2 .1 6  2 .3 8  2 * 4 1 .2 ,3 7  2*23 2 ,4 1  2 .2 5
(N o .3 Bottom 2 ,3 2  2 .2 6  2 .4 4  2 .4 9  2 .3 8  2 , 2 6  2 .4 4  2 .2 7
Tube
T herm ocouples  
R e a d i n g s .
° F .
(
No.
1 68,3 6 5 .3 6 7 ,6 6 6 .5 67 .3 6 6 ,1 6 6 . 2 6 6 .5
( 2 69 66 ,68 ,4 6 7 .3 6 8 .1 6 6 , 8 67 ■ 67 .1
( 3 70 67 69 ,2 6 8 . 2 6 8 .5 6 7 .2 6 7 .5 6 7 .6
( 4 • 7 1 .7 6 8 .3 70 69 6 9 .2 68 68 6 8 .3
( 5 73 ■■■ 6 9 .4 7 1 . 5 7 0 ,1 70 .2 69 .1 69 69
( 6 7 3 .3 6 9 .5 7 1 .7 70 .6 7 0 . 5 6 9 .5 70 6 9 ,9
( 7 73 i 5 70 .8 7 1 .7 7 1 . 2 7 1 .7 6 9 .8 70 70
( 8 7 4 . 4 71 72 71 7 1 .7 69 .9 70 * 3 7 0 . 2
( 9 7 5 .2 7 1 .9 7 5 .1 7 2 . 5 71 70 .2 7 0 .8 7 0 , 7
( 10 7 5 .2 7 1 . 9 7 2 .7 7 2 .3 71*8 7 0 . 5 70 .6 7 0 .7
t 11 . 7 5 , 4 7 1 .8 7 3 . 5 7 2 .3 72 70 .2 7 0 . 3 7 0 . 5
( 12 7 5 . 6 7 2 . 5 7 3 . 5 73 7 1 .7 7 0 . 6 7 0 . 5 7 0 . 9
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T ab le  N o . 22 a 126
S u p e r  T u rb u le n c e  E x p e r im e n ts  - ■§ i n c h  O r i f i c e  E n t r a n c e .
Run 'No.
O b s e r v a t i o n s .
1 2 3 4 5 6 7 8
I n l e t  W ater  Temp.°F,  
Main H e a t e r  V o l t s  
Main H e a t e r  Amps, '  
Guard H e a t e r  V o l t s 52 56 5 0 ,5
1 3 6 ,5
2 .2 4
4 9 .5 5 4 .5 56 55 u 4 ,5
Guard H e a t e r  Amps 0 . 6 6 0 . 7 0 * 65 0 .6 1 0 . 7 0 . 7 0 . 7 0 . 7
V e l o c i t y  M e te r  
R e a d in g ,  i n . 3 .2 8 5 .1 7 .6 3 1 0 ,1 5 1 3 .3 15 .05 1 8 .4 5 20 .4
H y d r a u l i c  Los s . i n . 
o f  w a t e r 2 .0 4 3 .1 4 . 6 4 6 .2 5 7 .9 8 . 9 4 10 .84 1 1 .95
Guard ( N o . l  Top .1 , 8 8 2 .0 6 1 ,9 8 1 .8 3 2 .0 4 2 .0 6 1 .9 1 2 .0 5
H e a t e r  (No«l Bottom 1 .8 4 1 .9 8 1 .9 6 1 .8 2 1 . 9 6 2 .0 3 1 .8 2 1 .9 9
The rmo - (Wo.2 Top 1 .9 2 2 .04 2 . 0 2 1 .9 3 2 . 0 2 2 .04 1 ,9 1 2 . 0 2
c o u p le s  ( N o .2 Bottom 1 .9 6 2 .08 2 . 1 2 1 .9 8 2 .0 4 2 . 1 2 1 .9 1 2 .0 6
Re a d in  gs ( N o . 3 To p 1 .9 4 2 .0 4 2 ,0 4 1 .9 5 2 , 0 2 .0 3 1 ,90 2 . 0 2
MILli-vo 11( No . 3 Bo 11om 1 .9 8  • 2 . 1 1 2 . 1 1 2 . 0  - 2 , 0  6 2 . 1 2 1 .9 2  ' 2 ,07
— ---- - ----- — ------ — ----- ------ ——------- —*--------- —*-----—---------—--------- ---------
(No 
( 1 57 .7 60 ;9 5 7 .3 5 7 .8 6 1 .6 60 .9 6 0 .3 60 .8
( 2 5 8 ,7 61,9 58 5 8 .7 6 2 .5  • 6 1 .5 60 .9 6 1 .2
( 3 59 ,6 62.7 5 8 .4 5 9 .2 62 .7 4 62 .1 6 1 .4 62
Tube ( 4 60 .5 63.7 5 9 .1 59 * 5 63*7 6 2 .3 62 .2 6 2 .5
Therm ocoup les  ( 5 6115 64; 5 59;  6 & 63 *7 62 .7 63 .1 6 2 .5
R ead in gs  ( 6 62 64.0 59 ,8 60 .5 6 4 .4 6 3 .7 6 3 .5 6 3 ,3
ov .  ( 7 6 3 .4 6 5 .5 6 1 .2 6 1 .2 64 ,8 6 3 .7 6 3 .5 63 .5
( 8 6 3 .5 66 6 1 .2 6 1 .5 6 5 .3 64 6 3 .6 6 3 .8
( 9 65 67 .2 6 2 ,5 62 .3 6 5 .4 65 6 4 . 2 6 4 . 2
(10 65 67 .2 62 .1 6 2 .3 6 5 .4 64 .9 6 4 .4 6 4 .5
(11 65 6 7 ,2 6 2 .5 6 2 .3 6 6 . 2 65 6 4 .5 6 4 .6
(12 65 6 7 .4 62 .6 62 .7 6 6 , 2 65 6 4 .5 6 4 ,5
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T ab le  NoV 23 135
90° Angle  Bend E n t r a n c e  L o ca l  Heat T r a n s f e r
Run No.
1
2
*
I
R
7820
89 I4.O
10900
12250
1 5 7 5 0
I 6 5 5 O
17500
I 7 5 5 O
18800
67
6 9
81
90
96
108
106
115
150
Y  a t  L/D
3 5
45 
60 
61]_ 
77 
75
7 5
90
5 3s
1+7
5161
60
63
7 0
7
28
3 3
p
5
5 7
T a b le  No • 2I4.
Sharp Edge E n t r a n c e  L o c a l  Heat  T r a n s f e r
0 0
2 6 . 5
50
35
u
k6
5 1
5 0
5 1
Run No.
1
2
R
8180 72
9630 - 80
11800 92
13200 100
1L650 108
l b l ^ O 110
y  l / d
3 5
U-3
58
60
66
68
32
S
P 5
5k
OO
28
31
A O
4 3
1+6
.J
T ab le  No. 25 
-t i n .  O r i f i c e  E n t r a n c e  L o c a l  Heat  T r a n s f e r
136
Run No.
1
2
R
7610
7950
10000
10500
12750
15150
15^50
16500
62
72
72
&k
97
97
100
I4-0 .5
k - 2
50
6 0
68
7 0
7 0
7
52
%
it?S
57
0 0
26
26
5 5
3 2
i<-3
T ab le  Ho. 26 
\  i n .  O r i f i c e  E n t r a n c e  Local Heat T r a n s f e r
Run No.
1
2
R
6 3 7 0
8 3 5 0
9710
11280
13650
1 L1 . 3 0 0
15750
16750
a t  L/D
1 3
I ? U-886 58
102 72
101 73
122 82
120 87
130 86
llj.0 96
37$
1 1
68
65
7 6
7
30
9 2
48
53
57
52
63
0 0
23
27
3 § -5Bitl
■S'
1 37
Table No. 2 7  '
C o e f f i c i e n t  o f  In cr ea se  of H eat T r a n sfe r  due t o  Super T urbulence
90° Angle Bend Entranoe
1 2 3 4 5 6 7 8 9
7820 8940 10900 12250 13750 16350 17300 17750 18800
172 182 238 250 266 325 322 308 406
Sharp Edge E ntrance
1 2 3 4 5 6
8180 9630 11800 13200 14650 16460
167 206 238 243 265 270
5 /8  In . O r i f ic e  E ntrance
1 2 3 4 5 6 7 8
7610 7950 10000 10500. 12750 15150 15450 16300
330 353 411 436 485 548 570 611
J  In .  O r i f ic e  E ntrance
1 2 3 4 .5 6 7 8
6370 8350 9710 11280 13650 14300 15750 16750  
244 320 364 367 402 446 440 495
Run No. 
R
V k
Run No. 
R
I K
Run No 
R
W
Run No. 
R
T ab le  N o . 28 
I n l e t  Loss C o e f f i c i e n t  K -  90° Bend E n t r a n c e
\ i n . o f  ■ v t f a t e r
o
\ ©
‘ C O • H
:  « \ &
5 o c
i—p .-
■: r ^ H - P • ■ +
< 4 H u
i £ c m ! h • H
; MP r~ 0d < M r* r £ Q m , 3
, &
1 7820 *0084 1 .3 0 2 .561 1 .1 3 .569 1 .7 9 5
2 8940 ,00813 1 .4 7 ,691 1 .3 7 .679 1 .6 9
3 10900 .00773 1 .8 1 5 1 . 0 2 . 0 1 . 0 1 .6 3
4 12250 .00751 2 .04 1 ,2 3 2 .4 5 1 . 2 2 1 .5 7
5 13750 .0073 2 .29 1 . 5 1 3 .0 1 .4 9 1 ,5 2 2
6 16350 .0070 2 .7 2 5 2 .0 4 4 . 0 4 2 ,0 0 1 . 4 5
7 17300 ,00  691 2 , 8 6 2 .2 3 4-. 51 2 .2 8 1 .4 9
8 17550 .00  689 3 .04 2 .5 1 4 ,9 8 2 .4 7 1 .4 3
9 18800 ,00677 3 .2 3 5 2 .7 8 5 .5 8 2 .8 0 1 .4 3 3
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T ab le  N o .29
I n l e t  Loss C o e f f i c i e n t  K -  S h a rp  Edge E n t r a n c e
i. 1\ sj
i:
i i
I1 *
! s
i
■
Ii
I
■ i 
' \
I?it
I
~ r
* 1O |
® !CQ !
>  I
£  j
‘
Uu13
W)
C\J
c ^
t
u<H
U
- p --------■
hOI CM
1 ^5 £» •rtrj
T
j
i
i\
i*j
s5.
t
i
 ^ § | }■!. . .......
rM
1 ^I K cd.
“  1
** 1
S
in ch es o f  w ater ii
Ss
! •
! 1i 8180 .00831 1 .4 0 7 .  546 1 .3 3 0 .369 0 .4 1 5 1 ,1 2 5
| 2 9630 ,00799 1 .6 6 8 .735 1 ,8 7 0 .5 1 7 0 .6 1 8 1 .1 9 5
1 3i 11800 ,0076 2 .0 6 1 .0 7 4 2 .7 6 0 .7 9 5 0 .8 9 1 1 .1 2
u
5 13200 .00739 2 ,2 9 5 1 .2 9 3 .4 0 .9 8 3 l . i 2 7 1 .1 4 2
‘f
j 5 14650 .0072 2 .4 7 5 1 .4 6 3 ,9 5 1 .1 4 1 ,3 5 1 .1 8
i 6
\i
j
16460 ,0070 2 .7 8 l . ? 9 4 .6 5 1 .4 4 1 .4 2 0 .9 8 7
i
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T ab le  No'* 50 
I n l e t  Loss C o e f f i c i e n t  K i n .  O r i f i c e  E n t r a n c e
_ •
o
CD
W
•
•P
Cm
> .
■ i n . o f  w a t e r  ;
•
o
}Zi
CC cm
1 
h 
j 
f**
i
■
•H
________________________
i
i
j
W
1 7610 .00846 1 .3 4 1 .526 . 8 .9 7 8 .4 4 4 25 .1
2 7950 .00836 1 .4 6 .616 1 1 .1 5 1 0 .5 3 4 2 6 . 5
5 10000 .00791 1 .7 7 8 .861 1 6 .3 1 5 ,4 3 9 2 6 .2
4 10500 .0078 1 .8 9 8 .967 1 8 .8 1 7 .8 3 3 2 6 .5
5 12750 .00745 2 .2 9 1 . 3 5 2 7 . 5 2 6 .1 5 2 6 . 7
6 15150 .00713 2 .7 4 1 .8 4 5 3 9 .8 371995 27 ,2
7 15450 • 0071' 2 .795 1 i  o i  5 4 1 .3 3 9 .3 8 5 27
8 16300 .0070 2.94 2 .0 9 4 5 . 2 4 3 . i l 8 6 .7
I R
un
 
No
T ab le  No. 31 
I n l e t  Loss C o e f f i c i e n t  K -  -g- i n . O r i f i o e  E n t r a n c e .
| 
Ru
n 
No
. 
t
s. 
... 
»
r ~ —.
cm
o
©
m
•
■p
>
* i n .
;
\
5
i
i
?<
i
o f  w a t e r  ;
i  i
- *h ; : 
\  &  \ ; 
e +  i i 
«  i
; *H 
; £  i ^  :
! 1 £
W
1 6370 .00885 1 .2 9 8 .515 2 .0 4 1 .5 2 5 4 .8 5
2 8350 .00827 1 .6 1 9 .748 3 . 1 2 ,3 5 2  * 4 .8 1
3 9710 .00796 1 .9 8 1 .0 7 5 4 .6 4 3 .5 6 5 4 .8 8
4 11280 .00766 2 .2 8 5 1 ,3 8 6 .2 5 4 .8 7 5 .0
5 13650 .00732 2 .6 1 5 1 . 7 3 7 .9 0 6 ,17 4 . 8 3
6 14300 .00725 2 .7 8 5 1 . 9 4 8 .9 4 7 .0 0 4 . 8 4
7 15750 .00705 3 .0 8 2 ,3 1 1 0 .8 4 8 ,5 3 4 . 8 2
8 16750 .00695 3 , 2 4 2 .5 2 1 1 .9 5 9 .4 3 4 .8 2
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